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ABSTRACT 
Soybean, a leguminous plant and rhizobia establishes symbiotic relationships, 
forming root nodules. Nodule organogenesis starts with cortical cell division 
forming infection and parenchyma zones which houses N-fixing bacteria and 
block O2 for nitrogenase enzyme function, respectively. The mechanism by 
which root cortical cells give rise to two structurally and functionally different 
nodule tissues is not known. One approach to address this knowledge gap is to 
evaluate global gene expression patterns in these two tissue types during nodule 
development. Using INTACT method, we developed two promoters, ENOD2 
(nodule parenchyma) and ENOD40 (infection zone) driven nuclear envelope 
biotin tagging constructs and isolated nuclei from targeted nodule zones with at 
least 88% purity and more than 50% efficiency. Nuclear transcriptomic 
validation using pathway analysis showed that cell wall, and lignin metabolic 
pathway related genes were highly enriched in nodule parenchyma while 
transport, and amino acid biosynthesis related genes were highly enriched in 
infection zone/nodule primordium. These were consistent with the currently 
known functions of these nodule tissue types. Further analysis with transcription 
factor families showed that members belonging to NIN-like transcription factor 
family typically associated with symbiosis were highly enriched in nodule 
primordium/infection zone at 5 and 10dpi (days post inoculation). Hormonal 
signaling and biosynthesis pathway analysis showed auxin signaling gene (ARF 
and AUX/IAA family) enriched in infection zone and cytokinin signaling gene 
related to HK family enriched in nodule parenchyma at 14dpi. This might 
xv 
possibly indicate tissue specific complementary roles of auxin and cytokinin in 
nodule development. Similarly, an auxin response factor (GLYMA17G37580, 
potential orthologue of Arabidopsis ARF5) was enriched in ENOD2- and 
ENOD40- promoter derived tissue at 7 and 10dpi respectively which indicated 
potential tissue specific roles for auxin during nodule development. Although 
we found expected expression pattern in two different tissue types, the statistical 
significance of the difference was < 0.03 due to variation between replicates of 
the same sample. It is expected that the use of additional replicates should 
provide more conclusive results. Ultimately, this knowledge is expected in 
giving a better understanding of specific genes crucial for development and 
function of two nodule zones. 
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1. INTRODUCTION 
1.1. Nitrogen and biological nitrogen fixation: 
Nitrogen is one of the most essential nutrients for plant growth and 
development as it is a major component in almost all major biomolecules such 
as DNA, proteins, and chlorophyll. Therefore, nitrogen is an important 
nutrient to produce high-quality protein-rich food (Vance 2001). The fastest 
means of supplying nitrogen nutrition in agricultural systems is through the 
application of chemical fertilizers, even though it is possible to supply 
nitrogen through manure and recycling of plant matter. According to (Dittmar 
2013) “Approximately 45% of world’s food supply is grown using chemical 
fertilizer and the number is growing”. While chemical fertilizers are effective 
and widely used, they are not sustainable. A European study estimated the 
cost of nitrogen pollution caused by various sources of nitrogen like fertilizer 
runoff from agriculture, sewage, fossil fuel burning, industry, and others to be 
between €70 billion and €320 billion (US $ 79 billion and $364 billion) per 
year (Sutton et al. 2011). Among the sources of nitrogen pollution, fertilizer 
runoff from agriculture contributes the most; the cost of pollution is more than 
double the value that of nitrogen fertilizers (Sutton et al. 2011). This has 
increased our attention to the environmentally sustainable alternative sources 
of nitrogen. Biological nitrogen fixation (BNF) is naturally a practical 
alternative. The use of biologically fixed nitrogen including recycling of 
nitrogen-rich plant residues are estimated to add 17 million tons of nitrogen 
fertilizer to the soil which translated to a direct economic benefit of €25billion 
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to €130billion (US $28 to $148 billion) even before the addition of food 
supply value (Sutton et al. 2011). 
Biological nitrogen fixation (BNF) is a process where atmospheric nitrogen 
(N2) is converted into ammonia (NH4) by specialized groups of prokaryotes. 
Plants obtain the biologically fixed nitrogen through associations with these 
nitrogen fixing organisms. These associations can be broadly classified into 
three major types.  
1.1.1. Nitrogen fixation by free-living heterotrophs:   
Heterotrophic bacteria like Azotobacter, Beijerinckia, and Clostridium 
freely living in soil fix significant amount of nitrogen without direct 
interaction with host plants (Wagner 2011; kumar).  
1.1.2. Associative Nitrogen fixation:  
Some species like Azospirillum can form close 
associations with plants belonging to Poaceae 
family (grasses) including agronomically important 
cereal crops such as rice, wheat, corn, oats, and 
barley and fix significant amount of nitrogen within 
the rhizosphere of host plant. 
1.1.3. Symbiotic Nitrogen fixation:  
Symbiotic bacteria like Cyanobacterium (e.g. Anaebena azollae symbiosis 
with water fern Azolla), Frankia sp. (with non-leguminous plants like 
Casuarina sp. and Alnus sp.) and Rhizobium sp. (with leguminous plants 
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like soybean) form symbiotic association with the host plant, and fix 
significant amount of nitrogen. In return, these bacteria utilize sugar from 
the plant (Wagner 2011). 
Biologically fixed nitrogen is of great importance to world agriculture because 
it is a source of nitrogen that is sustainable and inexpensive for the farmers. 
Every year, 170 million tons of nitrogen are converted into ammonia through 
various process like BNF, lightening, and other non-industrial processes. 
Among them, 120 million tons are converted by biological nitrogen fixation 
with nearly 80% contributed by Legume-Rhizobia symbiosis as it results in 
the direct incorporation of nitrogen into plant amino acid and protein. (de 
Bruijn and Downie 1991; Gutschick 1980). 
The legume family of plants includes several important food crops like 
soybean, pea, beans and chickpea. They represent the third largest group of 
angiosperms and second largest group of food and feed crops grown in the 
world. (Ferguson et al. 2010). In addition to being food and feed crops, 
legume plants like soybean and Pongamia pinnata are also a good source of 
biofuel for future because of high seed oil content (Scott et al. 2008; Ferguson 
et al. 2010). So, among the various types of biological nitrogen fixation, 
legume-rhizobia symbiosis is of great importance in agriculture point of view. 
1.2. Legume - Rhizobia Symbiosis 
Symbiotic association between leguminous plants and nitrogen fixing 
bacteria, collectively called Rhizobia leads to the formation of a new organ, 
the root nodule. The first step towards nodule formation is the release of 
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flavonoid compounds by the host plant and the recognition of these 
compounds by compatible rhizobia bacteria (Peters and Verma 1990; 
Ferguson et al. 2010; de Bruijn and Downie 1991; Long 1989). This leads to 
the activation of nod genes in the bacteria that result in the production and 
secretion of strain-specific lipo-chito oligosachharide molecules, also known 
as nod factors (Long 1996; de Bruijn and Downie 1991; Kondorosi et al. 
1991). Nod factors are perceived by specific plant receptors and the bacteria 
attach to the tip of the root hair. This attachment of rhizobia bacteria causes 
root hair deformation and curling giving rise to an unusual root hair shape 
called “shepherd’s crook” (Hirsch 1992; Wagner 2011). Then, the rhizobia 
bacteria enter the plant cortical cells through an invagination of the host plant 
cell wall and membrane forming what is termed as an infection thread. The 
infection thread is a tubular structure formed by the plant cell components 
which gives passage to the rhizobia bacteria to enter the host cells (Gage 
2004; Ferguson et al. 2010). Root hair deformation takes place approximately 
12hr after the rhizobia attach to the root hair in soybean (Turgeon and Bauer 
1982).  
Once the infection thread reaches compatible infection-ready cortical cells, 
bacteria are released into the host cytoplasm. These released bacteria are now 
surrounded by the plant-derived membrane called peri bacteroid membrane 
through a process resembling endocytosis. This structure containing the 
bacteria is known as symbiosome (Stacey et al. 1992; Udvardi and Day 1997; 
Ferguson et al. 2010). These rhizobia bacteria are still capable of NF 
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production which activates specific plant pathways leading to cortical cell 
division and the subsequent formation of a nodule primordium (Yang et al. 
1994; Ferguson et al. 2010; Libbenga and Harkes 1973; Newcomb et al. 1979; 
Dudley et al. 1987; Guinel and LaRue 1991).  
Subsequent cell division and differentiation of plant cells along with the 
division of membrane-enveloped bacteria result in the formation of a mature 
nodule which has central tissue (Schubert 1986) surrounded by the peripheral 
tissue containing nodule parenchyma and nodule cortex separated by 
endodermis. (Hirsch 1992; Ferguson et al. 2010; van de Wiel et al. 1990b). 
Infected cells in the central tissue contain rhizobia bacteria which fix the 
nitrogen and the fixed nitrogen is transported in different forms from central 
tissue to the vascular bundle of peripheral tissue through the continuous 
network formed by the uninfected cells in central tissue (Selker 1988; Mylona 
et al. 1995). Although tissue types and function of nodule are similar in all 
leguminous plants, they are different in their site of initial cell division, 
maintenance of their meristematic activity and their shapes (Newcomb et al. 
1979; B G Rolfe and Gresshoff 1988; Ferguson et al. 2010). 
1.3. Types of nodule:  
Two major types of nodule are formed in leguminous plant depending on the 
type of host: determinate and indeterminate (Newcomb et al. 1979; Ferguson 
et al. 2010). In general, most tropical legume such as, soybean (Glycine max) 
and common bean (Lotus japonicus) and some temperate legume, Lotus 
japonicus forms determinate nodule which are spherical in shape lacking 
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persistent meristem (Nap and Bisseling 1990; Ferguson et al. 2010; Newcomb 
et al. 1979). In these nodules, first cell division occurs anti-clinally in outer 
cortex (Ferguson et al. 2010; Newcomb et al. 1979) followed by the division 
in pericycle and inner cortex. Eventually, these two meristematically active 
cells coalesce and give rise to an incipient nodule. The division of outer cortex 
cells give rise to central tissue and the division of pericycle and inner cortex 
develop into nodule parenchyma surrounding the central tissue (Hirsch 1992). 
Mature determinate nodule contains a central and peripheral zone with all 
cells in the central zones progressing through the same stage of development 
(Newcomb 1981). Uninfected cells in the central tissue transport the fixed 
nitrogen to vascular bundle assimilating into ureides (Mylona et al. 1995). 
Vascular bundles are embedded in nodule parenchyma connecting the nodule 
with root stele (Hirsch 1992). 
In contrast, temperate legumes such as pea, vetch, clover and alfalfa form 
indeterminate nodules which are oval-shaped with persistent meristem (Nap 
and Bisseling 1990). In these type of nodules, the first cell division occurs 
anticlinal in inner cortex followed by the periclinal division in endodermis and 
pericycle. This division leads to the formation of nodule primordium towards 
which infection thread grows and releases the bacteria (Ferguson et al. 2010). 
In a mature indeterminate nodule, five different development zones are 
present resulting from the persistent meristem activity (Timmers et al. 2000; 
Vasse et al. 1990). They are nodule meristem (Zone I), infection zone (Zone 
II),interzone (Zone II/III),  N2 fixation zone (Zone III), senescence zone (Zone 
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IV), saprophytic zone (Zone V)  as reviewed by (Łotocka et al. 2012). These 
different zones except nodule meristem are present in the central zone of the 
nodule and are surrounded at the periphery by the nodule parenchyma (inner 
cortex cells), vascular bundle and endodermis. Further, the entire nodule is 
surrounded by the outer cortex (Vasse et al. 1990). In an indeterminate 
nodule, nitrogen fixed in central tissue is transferred in the form of amides and 
uninfected cells have no role in the transport of fixed nitrogen (Mylona et al. 
1995). 
Developmental aspects of root nodule formation also drive a question on the 
molecular mechanism of the formation and development of a root nodule. To 
understand this, various research has been conducted and able to determine 
molecular processes and interactions during the different stages of root nodule 
development. This understanding will provide us knowledge that will be used 
to meet our goal of expansion of host range of symbiotic nitrogen fixation to 
the agronomically important crops (McCormick 1988). 
1.4. The molecular mechanism in root nodule development: 
1.4.1. Root hair deformation and curling: 
Nod factor signaling is essential for the initiation of root hair deformation 
and curling. In this process, Nod factors released by the bacteria are 
recognized by the receptor kinases with an extracellular LysM domain that 
binds oligosaccharides. Some of the genes identified so far that encode 
LysM-RK involved in early nod factor signal perceptions are NFR1, 
NFR5, NFP, and SYM10 (Radutoiu et al. 2003; Madsen et al. 2003; 
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Limpens et al. 2003; Amor et al. 2003; Stacey et al. 2006; Oldroyd et al. 
2011). Downstream of NF signal perception, there is a requirement for 
signal transduction, activation of which requires symbiosis receptor like 
kinase (SYMRK) (Endre et al. 2002; Stracke et al. 2002), components of 
nuclear pore (NUP85 and NUP133) (Saito et al. 2007; Kanamori et al. 
2006) and two cation channels located in nuclear envelope region 
(Imaizumi-Anraku et al. 2005; Ané et al. 2004; Charpentier et al. 2008). 
Some of the components that act to transduce the nod factor signal are 
DMI2 (Endre et al. 2002), SYMRK (Capoen et al. 2005), NORK (Endre et 
al. 2002), SYM19 (Stracke et al. 2002), DMI1 (Ané et al. 2004), POLLUX 
(Imaizumi-Anraku et al. 2005) and CASTOR (Imaizumi-Anraku et al. 
2005). This signal transduction activates calcium oscillation in the nuclear 
region (Ehrhardt et al. 1996). Calcium oscillation is perceived and 
decoded by calcium and calmodulin dependent protein kinase (CCamK) 
(Tirichine et al. 2006; Lévy et al. 2004; Mitra et al. 2004) which interacts 
and phosphorylates CYCLOPS (Messinese et al. 2007; Yano et al. 2008). 
During the organogenesis CCaMK and CYCLOPS interaction activates 
several transcription factors like nodulation signaling pathway (NSP1, 
NSP2) (Heckmann et al. 2006; Smit et al. 2005), Ets2 repressor factor 
(ERF) required for nodulation (ERN1) (Andriankaja et al. 2007), and 
nodule inception (NIN) (Marsh et al. 2007) that collectively initiates the 
transcription of early nodulin genes (ENODs) in the epidermis (Ferguson 
et al. 2010). Depending on the timing of their expression, there are two 
9 
 
 
types of nodulin genes: (i) Early nodulin genes are expressed during the 
early stage of nodule development and involved in infection process, 
formation of nodule primordium, and the differentiation of nodule 
meristem into nodule; (ii) Late nodulin genes are expressed during the 
mature stage of nodule and are typically involved in nitrogen fixation and 
assimilation, oxygen transport, carbon metabolism and specialized process 
in peri bacteroid membrane (Verma and Delauney 1988; Nap and 
Bisseling 1990). Some of the early nodulin genes, ENOD5 and ENOD12 
are shown to be expressed in the epidermis during infection process in pea 
(Scheres et al. 1990b; Scheres et al. 1990a; de Bruijn and Downie 1991). 
1.4.2. Infection thread formation: 
The infection thread leads the rhizobia attached to the tip of the root 
hair to the root cortical cells. Infection thread formation initiates in 
response to the calcium influx induced by the NF in the root tip 
(Oldroyd et al. 2011). This calcium influx activates various genes 
like NAP1, PIR1, and CERBERUS in the root hair. NAP1 and PIR1 
are involved in actin rearrangement and colonization of root hair cell 
with rhizobia bacteria (Yokota et al. 2009). Similarly, CERBERUS 
gene is essential for normal infection thread progression (Yano et al. 
2009). 
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1.4.3. Primordium formation: 
Once the infection threads penetrate the root cells, the root cortical cells 
are reactivated and start to divide forming nodule primordium 
(Gloudemans et al. 1989; White 1970; Nap and Bisseling 1990). CCaMK 
which is required for infection thread formation is also required for the 
initiation of cortical cell division (Tirichine et al. 2006; Gleason et al. 
2006) and this organogenesis process is regulated by the cytokinin 
signaling through the cytokinin receptor (Lhk1) (Tirichine et al. 2007; 
Murray et al. 2007; Madsen et al. 2010). This activates the transcription 
factors like NSP1 and NSP2 which act downstream of CcaMK in NF 
signaling pathway, and are also required for cortical cell division in 
organogenesis signaling pathway (Heckmann et al. 2006). Another 
transcription factor NIN was also found to be activated after the CcaMK 
and cytokinin receptor activation (Tirichine et al. 2006; Marsh et al. 2007). 
This organogenesis signaling pathway initiate dedifferentiation and 
reactivation of cortical cells which leads to the formation of nodule 
primordium (Murray, Karas et al. 2007, Tirichine, Sandal et al. 2007, 
Madsen, Tirichine et al. 2010). The transcription factor NSP1, NSP2, and 
NIN initiates the transcription of the early nodulin gene (ENOD) in nodule 
primordium. Some of the early nodulin gene expressed in all cells of 
nodule primordium are ENOD12 (Scheres et al. 1990a), ENOD40 (Yang 
et al. 1993; Kouchi and Hata 1993), Gm93 (Kouchi and Hata 1993), 
MsPRP4 (Wilson et al. 1994). In this stage of nodule, the ENOD2 gene is 
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expressed in the inner cortical cells at the proximal and lateral site of 
nodule primordium(van de Wiel et al. 1990b). 
1.4.4. Differentiation into root nodule: 
After nodule primordium formation, infection thread grows towards the 
center of mitotic activity. Once the bacteria release in the plant cells, 
nodule primordium differentiates into root nodule with central tissue 
surrounded by the peripheral tissue (Yang et al. 1993; Newcomb 1981). 
Some late nodulin gene expressed in root nodule is leghemoglobin (lb) 
found in both infected and uninfected cells of central tissue (Scheres et al. 
1990b; VandenBosch and Newcomb 1988).  Two well characterized early 
nodulin genes are expressed in two different tissues of nodule. ENOD40 
gene is expressed in the uninfected cells of the central tissue and in the 
pericycle cells surrounding the nodule vascular bundle in peripheral tissue 
at mature stage of nodule. This gene is initially expressed in the dividing 
cortical cells, nodule primordium and pericycle of root vascular bundle at 
emerging stage of nodule (Figure 1.4-A). It was proposed that ENOD40 
protein might have a role in transport function (Yang et al. 1993).  
The other early nodulin gene ENOD2 is expressed in newly formed tissue 
surrounding procambial strand, over the developing inner cortex cells in 
the lateral and basal part of the nodule primordium, tissue surrounding 
vascular strands connecting nodule to the central cylinder of root and 
nodule parenchyma zone of peripheral tissue (Figure 1.4-A). ENOD2 
encodes a proline rich cell-wall protein and is thought to be involved in 
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creating oxygen barrier for infection zone (van de Wiel et al. 1990b). 
pGmENOD2 was the first early nodulin gene for which cDNA clone has 
been described (Franssen et al. 1987). This proline rich protein appears to 
contribute to the absence of intercellular space in the nodule parenchyma 
thus converting this tissue into an oxygen barrier (Witty et al. 1986; 
Lugtenberg 2014). ENOD2 gene expression is induced by high cytokinin 
concentration (Dehio and Bruijn 1992). This suggested that hormonal 
signaling might dictate the formation of nodule parenchyma. But, specific 
hormone signals directing the formation of these tissue types are not 
known. Similarly, we still lack the knowledge on other signaling 
mechanisms associated with the formation of different tissues from nodule 
primordium. What mechanisms dictate differentiation of nodule 
primordium and formation of central and peripheral tissue with different 
cell types such as nodule parenchyma, infected cells, uninfected cells, 
nodule vascular bundle is still unknown. What signaling mechanisms 
direct biological processes in uninfected cells of central tissue for the 
transport of fixed nitrogen to plant cells is also unknown. Evaluating 
nodule zone and/or cell type-specific gene expression will enable us to 
obtain clues to answer these questions. As Soybean is grown on 50% of 
global area devoted to legume cultivation and contribute 68% of the total 
global legume production (Vance 2001; Wagner 2011), we focused on 
soybean root nodule which is determinate. 
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1.5. Cell-type specific expression. 
Various finding related to the transcriptome profiling during nodulation has 
been performed in various leguminous plants (Benedito et al. 2008; Asamizu 
et al. 2005; Libault et al. 2010; Lohar et al. 2006; Moreau et al. 2011; Yang et 
al. 2010). Similarly, in soybean, various transcriptomic studies have been 
conducted to determine differentially expressed genes during soybean 
nodulation (Brechenmacher et al. 2008; Libault et al. 2010). These studies 
have determined various genes involved in different metabolic pathways like a 
defense mechanism, cell wall modification, nitrogen and carbon metabolism 
and much more during nodulation (Stacey et al. 2006). But, to understand the 
cell type specific processes, functional analysis of the cell-specific pattern of 
gene expression needs to be performed. This is possible only through the 
 
Figure 1.4-A: Expression of ENOD2 and ENOD40 promoter in 
nodule zones.  
The image represents GUS driven by ENOD40 (Figure A) and 
ENOD2 (Figure B) promoter at emerging nodule stage. Npa 
represents nodule parenchyma; Npr represents nodule primordium; 
IZ represents infection zone. Picture at center is schematic 
representation of nodule cross-section at mature nodule stage 
showing various nodule zones. Image from Subramanian lab. 
 
IZ 
Npr 
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transcriptome profiling at the cellular level. In soybean, some cell type 
specific study of nodulin genes has been conducted through in situ analysis 
(Verma et al. 1986; Kouchi and Hata 1993; Gloudemans et al. 1987; Kouchi 
et al. 1990). Although these studies could determine the expression of various 
nodulin genes in specific cell types, global gene expression pattern in specific 
cell types can only be determined through transcriptomic analysis.  
In-vivo cell-type specific study can be performed through various methods 
like LCM (Laser Capture Microdissection) of sectioned tissue (Jiao et al. 
2009; Nakazono et al. 2003; Kerk et al. 2003), FACS (Fluorescence activated 
cell-sorting) of fluorescently labeled cell lines or protoplast (Birnbaum et al. 
2005; Bargmann and Birnbaum 2010; Zhang et al. 2008), and INTACT 
(Isolation of Nuclei Tagged in specific Cell-types)(Deal and Henikoff 2011). 
Among these methods, LCM and FACS are relatively low throughput, require 
extensive tissue manipulation and need complex and highly expensive 
equipment (Deal and Henikoff 2011). These limitations are circumvented by 
the INTACT method where transgenically tagged nuclei in specific cell types 
are isolated by affinity based purification from the total pool of nuclei in 
tissue. To perform the INTACT method, a binary vector containing a biotin 
ligase cassette and a nuclear targeting fusion protein (NTF) is used to generate 
transgenic plant material. The biotin ligase cassette consists of constitutive 
biotin ligase gene (BirA) driven by a constitutive promoter. Nuclear targeting 
fusion (NTF) protein consists of the WPP domain of AtRanGAP1 which is the 
nuclear envelope tagging sequence, Green Fluorescent protein (GFP) which 
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helps with localization/visualization of target cells, and the Biotin ligase 
recognition peptide which is the substrate for the E. coli biotin ligase BirA 
gene. When driven by the cell-type specific promoter of interest, this construct 
will lead to biotin tagging of the nuclear envelope in target cells. These biotin 
tagged nuclei can then be purified by the affinity of streptavidin magnetic 
beads. Later these isolated nuclei can be used for evaluation of the global gene 
expression profiles in target cell types. This method has been used in 
Arabidopsis root hair cells where it was shown that the nuclei isolated was 
around 100% pure and the comparison between gene expression from nuclear 
RNA pool using the INTACT method and total RNA pool showed high 
correlation (R=0.94)(Deal and Henikoff 2010, 2011). The purity, efficiency 
and circumventing of limitations in existing methods drove us to use the 
INTACT method to study nodule zone/tissue specific gene expression.
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1.6. The role of auxin and cytokinin signaling in nodule development: 
1.6.1. Auxin biosynthesis and signaling mechanism: 
Auxin is the first discovered among phytohormones and is involved in 
various aspects of plant growth and development like cell division, stem 
elongation, cell expansion, flowering, lateral root initiation and nodule 
initiation (Moore 2012; Mashiguchi et al. 2011; Thimann 1936). The 
major form of auxin in plants is IAA, and its biosynthesis occurs primarily 
through the Tryptophan-dependent (Trp) indole-3 pyruvic acid pathway 
(IPA) (Mashiguchi et al. 2011). In this pathway, TRYPTOPHAN 
AMINOTRANSFERASE OF ARABIDOPSIS 1 (TAA1) mediates the 
conversion of Trp to IPA followed by the conversion of IPA to IAA by 
YUCCA enzyme (YUC)(Mano and Nemoto 2012; Mashiguchi et al. 
2011). Auxin signaling in plants is mediated by two major groups of 
proteins, the AUX/IAAs and auxin response factors (ARF) (Teale et al. 
2006). AUX/IAA are short-lived nuclear proteins which block the 
activation of activator ARFs and negatively regulate auxin signaling 
(Ulmasov et al. 1997; Vanneste and Friml 2009; Theologis et al. 1985). 
ARFs are B3-type transcription factors involved in the regulation of auxin 
responsive genes (Vanneste and Friml 2009). During auxin signaling 
process, TIR1, an important component of SKP1/CULLIN/F-Box 
PROTEIN (SCFTIR1) bound with AUX/IAA binds active forms of auxin 
resulting in proteasome-mediated degradation of AUX/IAAs (Lau et al. 
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2008; Gray et al. 2001). Once AUX/IAA is degraded ARFs can 
transactivate the expression of auxin responsive genes (Teale et al. 2006). 
1.6.2. Cytokinin biosynthesis and signaling mechanism: 
Cytokinin is one of the major phytohormones required for growth and 
development of plants. It plays key roles in delay of senescence (Gan and 
Amasino 1995), apical dominance (Sachs and Thimann 1967) and nodule 
development (Suzaki et al. 2013). Common forms of cytokinin found in 
plants are isoprenoid cytokinin trans-zeatin (tz) and isopentenyl-adenine 
(iP). During cytokinin biosynthesis, dimethylallyl diphosphate (DMAPP) 
reacts with adenosine monophosphate (AMP) which form iP riboside 5′-
monophosphate (iPRMP). This process is catalyzed by the IPT gene 
family (Kakimoto 2001). After that, iPRMP is converted into tz nucleotide 
tz riboside 5′monophosphate (tzRMP) through cytochrome P450 mono-
oxygenase (CYP735A)(Takei et al. 2004). Finally, tzRMP is converted 
into an active cytokinin form (tz) which is catalyzed by the enzymes 
encoded by the LOG gene family (El-Showk et al. 2013). Cytokinin is 
degraded by cytokinin oxidase enzyme encoded by CYTOKININ 
OXIDASE (CKX) gene family (Schmülling et al. 2003). 
Cytokinin signaling occurs through a two-component signaling pathway, 
HK (Histidine Kinase) and HP (Histidine Phosphotransferase) where the 
phosphoryl group (induced by the auto phosphorylation of HK) is 
transferred to the conserved histidine in HP which leads to the 
phosphorylation of response regulators (RRs). Phosphorylation of type- A 
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RR stabilizes them which act as an inhibitor of cytokinin signaling while 
phosphorylation of type-B RR initiates the transcription of cytokinin 
responsive genes (El-Showk et al. 2013; Hwang et al. 2012). 
1.6.3. Auxin and cytokinin in nodule development: 
A study done by (Libbenga et al. 1973) was able to find first evidence for 
a role for auxin and cytokinin in cortical cell division of pea nodule. Later, 
research using mutant bacteria (unable to produce nodule) were able to 
determine the role of cytokinin in initiating cortical cell division during 
nodule formation (Cooper and Long 1994; Bauer et al. 1996; Mathesius et 
al. 2000). Research done in M. truncatula found that the expression of the 
early nodulin gene ENOD40 was activated by cytokinin (Charon et al. 
1999). The requirement of the cytokinin receptor (LHK1) in the activation 
of nodule organogenesis related transcription factors, NSP1 and NSP2 also 
showed the role of cytokinin in nodule development (Tirichine et al. 2007; 
Murray et al. 2007; Madsen et al. 2010).  
Similarly, the role of auxin in nodulation was suggested by the formation 
of nodule like structures without the presence of rhizobia upon exogenous 
application of auxin transport inhibitor in alfalfa roots (Allen et al. 1953). 
Subsequent studies used reporter gene constructs (GH3: GUS) in both 
determinate (Lotus japonicus: (Takanashi et al. 2011; Pacios-Bras et al. 
2003)) and indeterminate nodule (White clover: (Mathesius et al. 1998)) to 
determine the localization of auxin activity in nodules.  
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Appropriate auxin and cytokinin balance is essential for proper nodule 
development. Results from our lab showed that low auxin sensitivity and 
high cytokinin sensitivity was required during nodule initiation while high 
auxin sensitivity and low cytokinin sensitivity was required during nodule 
maturation. This balance was dictated by a microRNA160 directed 
mechanism (Turner et al. 2013; Nizampatnam et al. 2015). Our lab was 
also able to determine the spatiotemporal localization of auxin induced 
gene in soybean nodule. In emerging nodule, the auxin induced gene was 
localized in nodule primordium but with lesser extent compared to lateral 
root primordium. At mature nodule stage, the auxin induced gene was 
localized in nodule parenchyma with more expression in nodule 
vasculature. In addition, it was also shown that microRNA160 dictates 
auxin and cytokinin activity in a spatiotemporal manner during nodule 
development (Turner et al. 2013). This clearly showed that auxin and 
cytokinin signaling might be occurring in tissue specific manner at a 
different stage of nodule development. So, this research will help to 
unravel some auxin and cytokinin related signaling pathway in two tissue 
types of soybean nodule, nodule parenchyma and nodule central zone at a 
different stage of nodule development (5, 7, 10 and 14dpi). 
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2. MATERIAL AND METHODS 
2.1.  Vector Construct 
2.1.1. Verification of Destination vector 
The vector required for purification of nuclei from specific cell types 
using INTACT (Isolation of Nuclei Tagged in Specific Cell-Types) 
method was obtained from Delphine Verspeel, VIB, Department of Plant 
Systems Biology, Ghant University, Belgium. The vector employed two 
transgenes to generate affinity-labeled nuclei in the cell-types of interest. 
The primary transgene encoded the NTF (Nuclear Tagging Fusion 
protein), which consisted of nuclear envelope targeting domain 
(RANGap), green fluorescent protein (GFP), and a biotin ligase 
recognition peptide (BLRP), and had a Gateway destination cassette in 
front of it to enable cloning of a promoter of choice. The second transgene 
encoded the E. coli biotin ligase (mBirA), driven by the constitutive 
ACTIN2 promoter. We obtained two different vectors containing ACTIN2 
promoter from two different species, Arabidopsis thaliana and Solanum 
Lycopersicum ((PK7WG-INTACT-AT/PK7WG-INTACT-SL). These 
vectors were obtained as bacterial stabs. The host cell was E.coli 
ccdBSurvival 2T1 (Invitogen). The host cells containing the vectors were 
streaked in LB + Agar plate with spectinomycin (100µg/ml) and was 
incubated at 37⁰C for 12 hours. A single colony was then cultured in 3ml 
of LB media with spectinomycin (100µg/ml) at 37⁰C for 12 hours with 
shaking (200 rpm). Glycerol stocks of the cultured cells were prepared 
with an equal volume of 50% glycerol and cultured cell and stored in -
21 
 
 
70⁰C freezer. The plasmid was isolated from the cultured cells using 
PureYield™ Plasmid Miniprep System (Catalogue no: A1222). The 
diagnostic restriction digest was then carried out to verify the plasmid 
using three different restriction enzymes (Not1, EcoR1 and Nde1) which 
cleaved the plasmid at specific sites and the resultant fragments were 
analyzed by gel electrophoresis. (Appendix A). 
2.1.2. Construction of expression vector 
An Entry clone (PMH40-ENTR-ENOD2) (prepared in our lab) in E. coli 
host cell (DH5α) containing attL- flanked DNA fragment region was 
cultured in LB + Ampicillin (100µg/ml) overnight in 37⁰C with 200rpm. 
The plasmid was isolated from cultured cells using PureYield™ Plasmid 
Miniprep System (Catalogue no: A1222). An LR reaction was done 
between the plasmid isolated from entry clone (PMH40-ENTR-ENOD2) 
and destination clone ((PK7WG-INTACT-AT/PK7WG-INTACT-SL). 
The concentration of entry clone used was 150ng (1µl) and the 
concentration of destination clone was 300ng (3µl) making the reaction 
volume to 8µl with TE buffer. After that 2µl of LR Clonase II enzyme 
(catalog no: 11791020) was added and was incubated for 1hr. 1µl of 
Proteinase K solution was added to terminate the LR Clonase reaction and 
incubated the reaction at 37⁰C for 10 minutes. The bacterial 
transformation was carried out from 3µl of LR reaction product into 50µl 
of competent cells (one shot amnimax 2 T1 phage resistant cells) (catalog 
no. 8540-03) by heat shock at 42⁰C for 30sec. 250µl of S.O.C medium 
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was added to the reaction and incubated for 37⁰C for 1hr in shaking 
incubator. 150µl of the reaction was plated in LB + spec plate and 
incubated at 37⁰C for 16 hours. Colonies were picked from the plate and 
cultured in LB + Spec media in the tube for next 16 hours. After that the 
plasmid was isolated from the culture using PureYield™ Plasmid 
Miniprep System (Catalogue no: A1222). The diagnostic restriction digest 
was then carried out to verify the plasmid using three different restriction 
enzymes (Not1, Nde1, and BsrGI) which cleaved the plasmid at specific 
sites and the resultant fragments were visualized through gel 
electrophoresis (Appendix B). By this method, we prepared construct 
containing ENOD2 gene promoter driven nuclear target fusion protein 
(NTF) and E. coli biotin ligase driven by actin promoter of Arabidopsis 
thaliana and of Solanum Lycopersicum separately (see 2.1.1) which was 
named as PK7WG-GmENOD2-INTACT-AT and PK7WG-GmENOD2-
INTACT-SL. 
2.1.3. Construction of expression vector 
By-product of LR reaction (PMH40-CCDB) having CCDB gene in attP 
flanking region was selected using DB3.1 cells for bacterial 
transformation and the transformed products were plated in LB plate with 
chloramphenicol (20µg/ml) and ampicillin (100µg/ml) as a selective 
marker. The diagnostic restriction digest was then carried was to verify the 
plasmid (Appendix C). Now, E. coli cells containing the expression clone 
(PHGWFS7- ENOD40) with attB flanking DNA fragment region was 
23 
 
 
cultured in LB media containing antibiotic spectinomycin (100µg/ml) at 
37⁰C for 12-16 hours in a shaker with 200rpm.  
BP reaction was done between donor clone (PMH40-CCDB) and 
expression clone (PHGWFS7- ENOD40) with the total concentration of 
150ng each plasmid, making final volume of 8µl. 2µl of BP Clonase II 
enzyme (Catalogue no.11789-020) was added in the reaction and was 
incubated overnight at room temperature. This was done to increase the 
efficiency of BP reaction. 1µl of Proteinase K solution was added and 
incubated at 37⁰C for 10min to terminate the reaction. After that BP 
reaction product containing attL flanking DNA fragment region (PMH40-
ENOD40) was selected using heat shock bacterial transformation in a 
competent cell of DH5α followed by bacterial plating in LB plate with 
chloramphenicol (20µg/ml) and ampicillin (100µg/ml) as a selective 
marker. This clone was verified by diagnostic restriction digestion of 
isolated plasmid. (Appendix D). Later, LR reaction was performed 
between entry clone (PMH40-ENTR-ENOD40) and destination clone 
((PK7WG-INTACT-AT/PK7WG-INTACT-SL) using same procedure 
described in 2.1.2. The bacterial transformation was done using 50µl of 
the competent cell (one shot amnimax 2 T1 phage resistant cells) (catalog 
no. 8540-03) and the right clone was selected by growing the bacteria in 
LB with spectinomycin (100µg/ml) antibiotic. Diagnostic restriction 
digestion was done on these prepared plasmids with three different 
restriction enzymes (Nde1, EcoRV, BsrGI). (Appendix E). By this 
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method, we prepared a construct containing ENOD40 gene promoter 
driving nuclear target fusion protein (NTF) and E. coli biotin ligase driven 
by actin promoter of Arabidopsis thaliana and Solanum lycopersicum (see 
2.1.1) named respectively as PK7WG-GmENOD40-INTACT-AT and 
PK7WG-GmENOD40-INTACT-SL. 
Finally, construct for hairy root transformation was prepared by 
transforming two constructs (PK7WG-GmENOD2-INTACT-AT/ 
PK7WG-GmENOD2-INTACT-SL and PK7WG-GmENOD40-INTACT-
AT/ PK7WG-GmENOD40-INTACT-AT) in Agrobacterium rhizogenes 
K599 strain (explained in 2.3.2). This would help to produce transgenic 
root expressing our vector on root nodule. 
2.2. Preparation of plant material: 
Soybean plant (Glycine max cv william82) was used for this project as we 
have complete genome information available (Schmutz et al. 2010). The seeds 
were sterilized by washing with 8% Clorox for 3 minutes followed by 70% 
ethanol for 3 minutes. Seeds were then rinsed 8-10 times with distilled water 
to remove residual chlorax and ethanol and kept soaking in distilled water for 
one hour. Seeds were sown in 4” plastic pot (Nupot catalog no.14-3356-1) 
held on a tray (Catalogue no.14-3359-1) with a mixture of autoclaved 
vermiculite: perlite (Hummert International, MO) in the ratio of 1:3 and 
watered with Hoagland solution (Appendix F). The seedlings were grown in 
controlled environment vertical growth chamber (Conviron Growth Chamber, 
Manitoba, Canada) with a growth condition; 16 hours’ day light and 8 hours’ 
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night light, 50% humidity with 25⁰C and 20⁰C day and night temperature 
respectively. 
2.3. Hairy Root Transformation: 
2.3.1.  Preparation of competent cells of Agrobacterium rhizogenes K599 
strain. 
Agrobacterium rhizogenes K599 strain was grown in 5ml of Luria Broth 
(LB) @ 30⁰C on a shaker for 12-14 hours. From above culture, 2ml was 
sub-cultured in 200ml of LB and grown @ 30⁰C on a shaker until O.D is 
0.5. The cells were then centrifuged @ 4⁰C @ 5000rpm for 10 min in 
Eppendorf 5804 R centrifuge with rotor F-34-6-38 (Eppendorf, NY). The 
pellet of cells was pink in color. The supernatant was discarded and the 
cells were resuspended in 20ml ice cold 10% glycerol. The cells were 
again centrifuged at same speed and time as above. The supernatant was 
discarded and the cells were resuspended in 10ml of ice cold 10% 
glycerol. Again, the cells were centrifuged at the same speed and time as 
above and the cells were resuspended in 2ml of ice cold 10% glycerol. 
From 2ml cells, a 50µl aliquot was done in cold 1.75ml Eppendorf tube 
and stored @ -70⁰C. 
2.3.2. Electroporation mediated transfer of construct in Agrobacterium 
rhizogenes K599 strain. 
Competent cells were thawed on ice for 10 min. 1µl of the plasmid of 
interest was mixed with 50µl of competent cells. This mixture was left on 
ice for 20 min. 2µl of the mixture was transferred into electroporation 
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cuvette (Eppendorf, MA) having a 0.1cm gap. Then, the mixture was 
electroporated at 25uF capacitance, 400ohms resistance, 1.8Kvolts voltage 
in a Biorad Gene pulser Xcell Electroporation system. 1ml of LB was 
added to the cuvette and mixed gently. The cells were then transferred in 
1.7ml Eppendorf tube and shaken @30⁰C for 2 hours. The cells were 
plated in LB + spectinomycin (100µg/ml) and incubated @30⁰C for 36-48 
hours. Individual colonies were selected and cultured in LB+ 
spectinomycin (100µg/ml) medium. This culture was incubated @28⁰C 
for 16hours in a shaker with 200rpm. Glycerol stock was prepared from 
this culture and stored @-70⁰C which was subsequently used for 
transformation later. 
2.3.3. Plant Transformation: 
Agrobacterium rhizogenes carrying our plasmid of interest was cultured in 
LB + spectinomycin (100µg/ml) media @28⁰C for 16 hours in a shaker 
with 200rpm. The culture was centrifuged @3500rcf for 8 min @4⁰C and 
resuspended with a 1/4PNS solution (Appendix G) making the final 
concentration of O. D600 of 0.3. Autoclaved Rockwell plug (Hummert 
International, MO) cut in square shape was kept on Petri dish placed on 
the tray. The prepared culture was poured on each Rockwell plug through 
a hole using a serological pipette (VWR, catalog no:89130-900) until it 
was completely wet. Soybean plant grown for about 2 weeks with fully 
opened first trifoliate leaf was cut below the trifoliate leaf in slanting 
position and inserted into Rockwell plug so that injured get exposed to the 
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culture. The tray was closed with a transparent tray and grown in 16-hour 
day and 8-hour night light condition until root emerged from the plant (for 
around 2-3 weeks). Those roots were adventitious root and transgenic root 
(expressing our gene of interest).  
2.4.  Inoculation of Rhizobia 
Bradyrhizobium japonicum (USDA 110) was cultured in Vincent Rich media 
(Appendix H) with antibiotic chloramphenicol (20µg/ml) @28⁰C on the 
shaker at 200rpm for 2-3 days until its O. D600 was not more than 0.3. Then 
the culture was centrifuged @3500rcf for 8 min @4⁰C and resuspended with 
1/4PNS solution making the final concentration of O. D600 of 0.08. This 
culture was poured into each pot of one week old transplanted plants with the 
volume of 20ml. Transplanted plants were the transformed plant with emerged 
root transferred in the 4” pot containing autoclaved vermiculite: perlite (1:3 
ratio) and watered with a 1/4PNS solution. The samples for my study were 
harvested after 5, 7, 10 and 14 days’ post inoculation of Bradyrhizobium 
japonicum. 
2.5. Microscopy 
2.5.1.  Fluorescence microscopy 
Screening of GFP positive nodule was done using fluorescence 
stereomicroscope (Leica, Model no: MSV269) at 4 different time points of 
nodule development after rhizobia bacteria inoculation. (5, 7, 10 and 14 
DPI). After screening, GFP positive nodules were harvested along with 
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root and collected in 50ml Falcon tube kept on dry ice and stored in -70⁰C 
for isolating nuclei. 
2.5.2. Confocal microscopy 
The selected fresh GFP positive nodules at four different time points (5, 7, 
10 and 14dpi) were transverse hand sectioned. Scanning of sectioned 
nodules were performed using laser scanning confocal microscope 
(Olympus fluoview 1200) using FITC filter (488nm laser excitation 
wavelength, 519nm emission wavelength and 15% transmissivity). White 
light was merged with fluorescence filter for proper visualization of GFP 
localization on nodule section. Images were taken at 20X magnification of 
objective lens with sampling speed of 20us/pixel. The size of images was 
1024*1024 pixel. The representative images from each time points 
showed localization of nodule zone specific promoter (ENOD2/ENOD40) 
on two different nodule zones (Nodule primordium/ Infection zone and 
Nodule parenchyma).   
2.6. Isolation of Nucleus 
Nuclei in the nodule from the transformed root of ENOD2pro: NTF 
/AtACT2pro: mBIRA and ENOD40pro: NTF/AtACT2pro:mBIRA were 
purified as described previously for Arabidopsis roots (Deal and Henikoff 
2011) with some modification in affinity purification using magnetic beads 
procedure. In this method, the tissue stored in -70⁰C was grounded in liquid 
nitrogen (about 2g) in mortar and pestle and re-suspended in 10ml of nuclei 
purification buffer (NPB: 20mM MOPS, 40mM NaCl, 90mM KCl, 2mM 
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EDTA, 0.5mM EGTA, 0.5mM spermidine, 0.2mM spermine, pH=7) 
containing Pierce Tm protease inhibitor mini- tablet (Thermo-Fisher, catalogue 
no.88665). These extracts were now filtered through the 70uM nylon cell 
strainer (Fisher Scientific, cat no.08-771-2) and centrifuged @ 1000xg for 
10min @4⁰C. The supernatants were discarded and the nuclei pellet in re-
suspended in 1ml of NPB. M-280 streptavidin-coated Dynabeads (Life 
technologies, catalogue no. 11205D) of 20µl were washed in 1ml of NPB and 
centrifuged @3500xg for 2 min @4⁰C and re-suspended in 20µl of NPB were 
added to the re-suspended nuclei and this mixture was rotated in nutator 
platform rotator (Fisher scientific, S06622) in cold room (4⁰C) for 45 minutes 
to allow capture of biotinylated nuclei on beads. After that, all steps were 
performed in cold room.10µl of the mixture was separated for counting of an 
initial number of nuclei. The remaining nuclei/bead suspension was diluted to 
13ml in 15ml Falcon tube with NPB containing 0.1% Triton X-100. The 
mixture was mixed gently and kept on a nutator for 30s and placed on 
DynaMag 15 magnetic rack (life technologies, catalog no. 12301D) for 5 min 
to capture the nuclei-beads on the walls of the tube. Slowly and carefully the 
supernatant was removed by pouring first and pipetting the remaining from 
the bottom of tube with 1000µl pipette tips. This reduced the disturbance on 
the bead-nuclei mixture on the walls of the tube and increased the efficiency. 
Gently the beads were re-suspended with 14ml of ice-cold NPBt and the 
purification steps were repeated two times. Slowly and carefully supernatant 
was removed and re-suspended with 1ml of NPBt. From which, 20µl was 
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separated and kept on ice to count the captured nuclei in Hemocytometer 
(Hausser scientific Bright line counting chamber, catalog no.02-671-51B). 
Remaining nuclei-bead suspension were transferred to 1.7ml Eppendorf tube 
and placed on DynaMag 2 magnetic rack (life technologies, catalog no. 
12321D) for 5 min to capture the nuclei-beads. The supernatant NPBt was 
removed and re-suspended with 20µl of NPB and stored @-70⁰C until further 
use. We also isolated nuclei from non-transgenic nodule by the same above-
mentioned method to confirm whether the isolated nuclei were biotinylated. 
No bead bound nuclei were seen in the final elution from non-transgenic 
nodule but we saw bead bound nuclei from transgenic nodule which gave 
confidence that the bead bound nuclei were biotinylated.  
2.7.  Counting of nuclei 
 Hemocytometer (Hausser scientific Bright line counting chamber, catalog 
no.02-671-51B) was used to count the isolated nuclei. All nuclei attached to 
the beads was the biotinylated nuclei as confirmed. For counting the nuclei, 
DAPI (Fisher scientific, Catalogue no. D21490) stock solution was prepared 
by adding 4mg of DAPI in 2ml of molecular grade water (Fisher scientific, 
Catalogue no. BP2819). 1µl of DAPI stock was added to 1000µl of NPB 
making the concentration of 1µg/ml. An equal volume of NPBd was added to 
the isolated nuclei for counting. In hemocytometer, both chambers underneath 
the coverslip were filled gently by 10µl of isolated DAPI stained nuclei. We 
then used BX53 upright compound microscope (Olympus AX70) to count the 
nuclei attached to beads on hemocytometer but we couldn’t distinguish 
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between beads and nuclei as both beads and nuclei fluoresce in green 
fluorescence light filter. Then, laser scanning confocal microscope (Olympus 
fluoview 1200) could resolve the problem. So, using laser scanning confocal 
microscope, images of nuclei were taken at 10X objective lens magnification 
on 5 different sets of 25 square box of hemocytometer. Nuclei were counted at 
5 different sets and the average number of nuclei in each set was multiplied by 
10000 and dilution value of 2. This gave the total number of nuclei/ml in the 
original nuclei suspension. 
2.8.  RNA Isolation 
 RNA from the isolated nuclei was isolated using Quick-RNATM 
MicroPrep kit (Zymo, catalog no. R1050). In this method, Nuclei were 
pelleted using centrifuge @4⁰C@1000xg for 10 min. The supernatant was 
removed completely and re-suspended in RNA lysis buffer (100µl for nuclei 
below 10^5, 300µl for nuclei above 10^5) as per the protocol. Then that 
mixture was vortexed for 2 min and centrifuged @12000xg for 30sec. The 
supernatant was transferred to a new RNase free tube where an equal volume 
of 100% ethanol was added and mixed gently. This mixture was transferred 
into Zymo-Spin™ IC Column1 in a Collection Tube and centrifuged for 30 
seconds @16000xg. Flow-through was discarded and In-column DNase I 
treatment was skipped. 400µl of RNA prep buffer was added to the column 
and centrifuged as above. 700µl of RNA wash buffer was added and 
centrifuged. Finally, 400µl of RNA wash buffer was added to the column and 
centrifuged @16000xg for 2 min to remove wash buffer completely. The 
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column was transferred to a new 1.7ml Eppendorf tube and RNA was eluted 
with 15µl of DNase/RNase free water heated @65⁰C. 1µl of RNase inhibitor 
(NEB, MO 314S) was added to prevent RNA from degradation. RNA was 
treated with DNase to remove the DNA contamination using Turbo DNA-
freeTM Kit (Ambion, Catalogue no. AM1907). In this method, 0.1 volume 10X 
Turbo DNase buffer and 1µl Turbo DNase was added to the RNA and was 
mixed gently. The mixture was incubated @37⁰C for 30 minutes. 0.1 volume 
DNase inactivation reagent was added to the mixture and incubated for 5 min 
@ room temperatures mixing occasionally. The mixture was centrifuged 
@10,000xg for  
1min 30sec and the RNA was transferred to the new tube without disturbing 
the pellet, and was stored @-70⁰C until further use. 
2.9. Whole Transcriptome Amplification (WTA) 
Isolated RNA was amplified using SeqPlex RNA Amplification Kit Protocol 
(SEQR, Sigma Aldrich). Using this protocol, we could amplify RNA from the 
total concentration of 50ng to 1ug cDNA which was sufficient for sequencing. 
In this method, RNA was reverse transcribed using primer with semi-
degenerate 3’ end and a defined universal 5’ end. The displaced single strand 
cDNA from DNA polymerization served as a template for the formation of 
double stranded cDNA. This resultant double stranded cDNA with random 
overlapping fragments flanked by universal primer sequence was amplified 
under PCR optimized condition to produce amplified product of size 200-
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400bp. This method completes with three different steps, library synthesis, 
amplification, and primer removal.  
2.9.1. Library synthesis: 
50ng of total RNA was combined with 2.5µl of library synthesis solution 
(L8670) making a total volume of 16.5µl with nuclease free water 
(W4502). The reaction was incubated in a thermocycler programmed for 
70⁰C for 5 minutes and then an 18⁰C hold. The reaction was removed 
from the thermocycler and placed at room temperature or maintained at 
18⁰C not more than 10 min. In this reaction, 2.5µl library synthesis buffer 
(L9418), 4µl nuclease-free water and 2µl library synthesis enzyme 
(L9543) were added. Negative control of the sample for DNA 
contamination was also prepared by adding all reagent except library 
synthesis enzyme. The reaction mixture was incubated in a thermocycler 
at 18⁰C for 10 min, 25⁰C for 10 minutes, 37⁰C for 30 minutes, 42⁰C for 
10 minutes, 70⁰C for 20 minutes and 4ºC hold. 
2.9.2. Amplification 
The resultant double stranded cDNA from above reaction was amplified 
by adding 33.5µl Nuclease-free water, 15µl 5X Amplification mix 
(A5112), 0.75µl 1:1000 SYBR Gold DNA Gel Stain (S11494, Invitrogen), 
0.75µl Amplification enzyme (A5237) on library synthesis reaction to the 
total volume of 75µl. The reaction mix was incubated in real- time qPCR 
at 94⁰C for 2 minutes for 1 cycle, 94⁰C for 30 seconds, 70⁰C for 5 minutes 
until it reached amplification plateau. The sample was taken out after 3 
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cycles it reached the plateau (Appendix I) and was then incubated at 70⁰C 
for 30 minutes for 1 cycle. After cycling was completed, the reaction was 
purified using Qiaquick PCR purification kit (28104, Qiagen) before 
primer removal step. After amplification, we checked DNase 
contamination in the sample by running 5µl of amplified product from the 
sample and negative control in the gel before and after purification. The 
gel image is shown in Appendix J. This showed that there was no 
amplification product in no RT control that means the RNA we used for 
amplification was DNA free. 
2.9.3. Primer removal 
In this step, no primer removal enzyme reaction was also used as a 
control. For this, 8.5µl 10x primer removal buffer (SR401), 1.75µl Primer 
removal solution (SR400), 2.27 µg of purified amplified product and 
nuclease-free water to the reaction volume up to 80.75µl. 9.5µl of this 
reaction volume was transferred in a different reaction tube and 0.5µl 
water was added as a no-enzyme reaction. To the remaining 71.25µl, 
3.75µl primer removal enzyme (SR402) was added which was primer 
removal reaction. Both the reaction was incubated at 37 °C for 60 minutes, 
65 °C for 20 minutes and 4 °C hold. The reaction was removed from the 
thermocycler and centrifuged briefly. 2µl of the primer removal reaction 
and the entire no-enzyme reaction was reserved for quality control assay 
below. The remaining primer removal reaction was purified using 
Qiaquick PCR purification Kit (28104, Qiagen) and stored at -20°C. 
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2.9.4. Quality control 
This was performed to check the efficiency of primer removal. In this step, 
3μL 5X Amplification Mix (A5112), 0.15μL Amplification Enzyme 
(5237), 1.85μL 1/10,000 dilution, SYBR Gold DNA Gel Stain (S11494, 
Invitrogen) was added to 10μL 1/1,000,000 dilution cDNA (from primer 
removal reaction or no enzyme control). This reaction mix was incubated 
in real-time qPCR at 94⁰C, 2.5 minutes for 1 cycle, 94⁰C for 30 seconds, 
70⁰C for 5 minutes for 40 cycles. The expected ΔCt between primer 
removal and no primer removal enzyme was 3-7 which will show an 
estimate of successful primer removal shown in (Appendix K). 
2.10. Library preparation 
Library for sequencing was prepared using TruSeq DNA PCR-Free LT 
Library Preparation Kit - Set A (FC-121-3001, Ref no.15037063, Illumina). 
The protocol for library preparation follows following steps, 
2.10.1. Fragment DNA 
This step was avoided during library preparation to avoid size selection of 
amplified cDNA. 
2.10.2. Repair Ends 
1ug purified amplified cDNA was added to 40µl ERP (End Repair mix) to 
the total volume of 100µl with RSB (Resuspension Buffer) and the total 
reaction mix was incubated in a thermocycler at 30°C for 30 minutes and 
hold at 4°C with lid temperature set to 100°C.  
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2.10.3. Clean up 
The end repaired product was removed from the thermocycler and cleaned 
up using Agencourt AMPure XP (A63880, Beckman Coulter). 1.8x 
AMPure XP was added to above reaction and incubated at room 
temperature for 5 min. The mixture tube was kept on the magnetic stand 
until the liquid is clear (~5 minutes). All the supernatant was removed and 
discarded. Amplified cDNA bound to beads was washed 2 times with 80% 
molecular grade ethanol. 200µl of freshly prepared 80% molecular grade 
ethanol was added and incubated in magnetic stand for 30 sec and 
supernatant was removed and discarded. It was air-dried for 5 min and 
then 17.5µl of RSB was added to each tube. The tube was removed from 
the magnetic stand and incubated at room temperature for 2 minutes. It 
was again placed in the magnetic stand until the liquid is clear. The 
supernatant was transferred into another tube for next step. 
2.10.4. Adenylate 3’ end 
The cleaned-up end repaired product was adenylated by adding 12.5µl 
ATL (A-Tailing mix) and 2.5µl RSB. The reaction mix was incubated at 
37°C for 30 minutes, 70°C for 5 minutes, 4°C for 5 minutes and hold at 
4°C with lid temperature set to 100°C.  
2.10.5. Ligate Adapters 
DNA index adapter was added to adenylated product by adding 2.5µl 
DNA index adapters, 2.5µl LIG2 (Ligation mix2) and 2.5µl RSB. The 
reaction mix was incubated at 30°C for 10 minutes and hold at 4°C with 
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lid temperature set to 100°C. The reaction tube was removed from the 
thermocycler and 5µl STL (Stop Ligation Buffer) was added to stop the 
ligation reaction. Each sample was ligated with unique DNA adapter for 
each run. (Appendix L) 
2.10.6. Clean up Ligated Fragments 
Clean up of ligated fragments was performed using Agencourt AMPure 
XP (A63880, Beckman Coulter) in two different rounds. In the first round, 
1.8x AMPure XP was added to above reaction and incubated at room 
temperature for 5 min. The mixture tube was kept on the magnetic stand 
until the liquid is clear (~5 minutes). All the supernatant was removed and 
discarded. Amplified cDNA bound to beads was washed 2 times with 80% 
molecular grade ethanol. 200µl of freshly prepared 80% molecular grade 
ethanol was added and incubated in magnetic stand for 30 sec and 
supernatant was removed and discarded. It was air-dried for 5 min and 
then 52.5µl of RSB was added to each tube. The tube was removed from 
the magnetic stand and incubated at room temperature for 2 minutes. It 
was again placed in the magnetic stand until the liquid was clear. The 50µl 
supernatant was transferred to another tube for the second round of clean 
up. The same steps were repeated and final air-dried cDNA fragment 
bound to beads was resuspended in 22.5µl RSB. The tube was removed 
from the magnetic stand and incubated for 2 minutes. It was placed in 
magnetic stand again until the liquid was clear. 20µl of the supernatant 
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was transferred to another tube and stored at -20°C until further use for 
sequencing. 
2.10.7. Quality check of the prepared library: 
A qualitative check of the prepared library was performed using 
bioanalyzer before sequencing. This could monitor the distribution of 
fragment size after ligating adapter. The shift in the size of the fragment 
after ligation showed good quality library for further processing on 
sequencing (Appendix M). 
2.10.8. Transcriptome library analysis: 
2.10.8.1. Quality check and mapping of the library: 
Raw read from the sequencing result was analyzed using RNAseq 
pipeline in cyverse web-based platform (https://de.cyverse.org/de/ ). 
This included, i) FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects /fastqc/ ), for 
checking the quality of sequence reads. ii) Btrim (Kong 2011) for 
quality trimming of sequence reads, iii) TOPHAT-SE (Trapnell et al. 
2009) for alignment of single-end reads to the reference genome, iv) 
Cuffdiff (Trapnell et al. 2013) and DESEQ2 application(Anders and 
Huber 2010) to determine the differentially expressed gene. The 
parameter we used for Btrim (trimming low-quality reads) was, 
window size =5, minimum Phred quality score = 20 and minimum 
post trimming length = 25. For Tophat-SE, we used default parameter 
(Anchor length=8, Maximum no. of mismatches that can appear in the 
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anchor region of spliced alignment =0, Minimum intron length=70, 
maximum intron length=50000 using tophat version of 2.0.9 and 
bowtie version of 2.1.0) against the soybean genome (Glycine.V1.0, 
cyverse pathway of ‘/data2/collection s/genomese rvices / 1.0.0/ 
24_77/ Glycine.V1.0 / de _ support/genome.fas’). Duplicated reads in 
the library were removed in bam file (output from tophat) using 
remove duplicates tool ( https://sourceforge. net/pro jects 
/samtools/files/).  
2.10.8.2. Differential gene expression and data validation using 
marker gene. 
Differentially expressed gene in two samples (ENOD2 and ENOD40 
promoter driven) from both reads before and after duplicate removal 
was determined using Cuffdiff and Deseq2. For cuffdiff, we used 
default parameter (minimum per locus counts for significance testing = 
10 and false discovery rate = 0.05) against soybean genome 
(Glycine.V1.0, cyverse pathway of ‘/data2/collections 
/genomeservices /1.0.0/ 24_77/ Glycine.V1.0 / de _ support 
/genome.fas’) and soybean genome annotation (Glycine.V1.0, /data2 
/collections /genomeservices /1.0.0/24_77 /Glycine. V1.0 /de 
_support/annotation.gtf) using multi-hit correction. For DESEQ2, we 
need count data of mapped reads. So, we used SAMtools (https: //g 
ithub.com/ samtools/ samtools) to convert bam (output from tophat 
alignment) to Sam and counted the mapped reads using Htseq tool 
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(Anders et al. 2015). The parameter we used for Deseq2 was default 
(variable of interest=group, features to Remove = alignment not 
unique, ambiguous, no feature, not aligned, too low aQual, locfunc = 
median, Transformation method for PCA/clustering = VST, Mean-
variance relationship = parametric, Independent Filtering = TRUE, 
Cooks Cutoff: TRUE, p-value adjustment method = BH, colors = 
dodger blue, orange) using significance threshold of 0.05. 
The output from cuffdiff (gene exp. diff) showed the list of genes with 
their FPKM value in 3 biological replicates of the respective sample, 
log2 (fold change value of one sample (ENOD40) compared to other 
sample (ENOD2)), p-value and q-value (<0.05 giving the significant 
differential expression between the two sample). Similarly, the output 
from Deseq2 (ENOD40 vs ENOD2 complete list) showed the 
normalized count value (from all 3 replicates) of two samples of all list 
of genes and their log2fold change value (+ ve value upregulated in 
ENOD40 and - ve value upregulated in ENOD2 sample), p-value and 
padj value (<0.05 as significant difference). The differential expression 
data from both cuffdiff and Deseq2 was validated using various 
marker gene known to be expressed in respective samples. The list of 
the marker gene and their expected expression pattern in a respective 
tissue sample is listed in Appendix N. 
We obtained the list of the differentially expressed gene in two 
samples from cuffdiff and DEseq2 package both. We then selected the 
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gene that is differentially expressed between the two samples with the 
significance level of <0.05 (from cuffdiff output), <0.1 and <0.3 (from 
DESEQ2 output) i.e., at 5 and 7dpi, we selected the genes with a 
significance level of <0.3 and at 10 and 14dpi, we selected the 
differentially expressed gene with a significance level of <0.1. Then 
we combined all significant differentially expressed gene from two 
output which was then used for further analysis.  
2.10.8.3. Exploratory data analysis (EDA). 
iDEP (integrated Differential Expression and Pathway analysis) (Ge 
2017), a web based application was used for exploratory data analysis 
to explore the variation and pattern in the datasets in each biological 
replicate. From this, we visualized the distribution pattern of 
transformed data and the hierarchical clustering heatmap. We first 
imported read count data from each replicate (3 biological replicate) of 
each sample (ENOD2 and ENOD40 promoter derived tissue sample) 
at each time points (5, 7, 10 and 14dpi) and transformed the data using 
started log (log(x+c)), where c (pseudo count value) = 4. Then, the 
genes were clustered based on the standard deviation and the heat map 
of top 1000 genes was created based on hierarchical clustering. This 
both data helped to explore the distribution and expression pattern of 
each replicate. 
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2.10.8.4. Singular enrichment analysis: 
Singular enrichment analysis was done on the significant genes 
differentially expressed in two samples (ENOD2 and ENOD40) using 
AgriGO tool (Du et al. 2010). Pathway analysis of genes in each 
sample was also done using iDEP tool which uses fold change value of 
all genes instead of using DEGs (Differentially expressed gene). This 
helped to determine the significant pathway of overall genes in each 
sample. 
2.10.8.5. Pathway analysis: 
We used iDEP (http://ge-lab.org:3838/idep/), a web based platform to 
determine the pathway on all available gene sets. This platform used 
GAGE tool for pathway analysis ((Luo et al. 2009) which utilizes all 
available gene sets (Biological, cellular, molecular and KEGG) to 
determine the differential pathway between two tissue types. Based on 
the fold change and threshold level of FDR<0.1, we determined the 
significantly differential expressed pathway between two different 
tissue types.  
2.10.8.6. Transcription factor analysis: 
Transcription factors annotation present specifically in soybean nodule 
was obtained from the lab (compiled by sajag adhikari from the 
PlantTFDB v3.0; http://planttfdb.cbi.pku.edu.cn/) which contained the 
transcription factor families and associated members (Jin et al. 2013). 
We counted the transcription factor family present in each timepoint in 
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each sample by using the list of gene significantly highly enriched in 
each sample at each timepoint.  
2.10.8.7. Hormone biosynthesis and signaling analysis: 
We obtained a list of gene involved in biosynthesis and signaling of 
auxin and cytokinin hormone from lab (compiled by Sajag Adhikari 
where she obtained “the peptide sequences of genes involved in 
biosynthesis and signaling of auxin and cytokinin in A. thaliana from 
The Arabidopsis Information Resource 
(TAIR,https://www.arabidopsis.org/ ) (Lamesch et al. 2012). These 
peptide sequences were used as a query in a TBLASTN search against 
the soybean genome in LegumeIP (Li et al. 2012) ”). Using 
VLOOKUP tool in excel, we then looked the list the list of genes 
involved in biosynthesis and signaling of auxin and cytokinin on the 
list of significantly enriched genes on both nodule zones at four 
different time points (5, 7, 10, and 14dpi). 
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3. RESULTS 
3.1. Visualization of biotin-tagged nuclei in target tissues of soybean nodules. 
Two independent vectors where the nuclear targeting fusion protein (NTF) 
was driven by ENOD2 and ENOD40 gene promoter separately (Figure 
3.1-A), were transformed in Agrobacterium rhigozenes (K599 strain) to 
respectively tag nuclei in parenchyma and primordia/infection zone cells.  
 
Agrobacterium rhigozenes mediated hairy root transformation generated 
transgenic roots in which nuclei in a specific tissue of nodule were expected to 
be tagged with biotin. The transgenic roots screened using fluorescence 
microscope showed green fluorescence in nodules. (Figure 3.1-B).  
 
 
 
Figure 3.1-A: Construct for INTACT method.  
This figure contains Nuclear targeting fusion protein (NTF) consisting 
of WPP domain (targeting nuclear envelope), GFP (visualization) and 
BLRP (substrate for E. coli biotin ligase BirA which is driven by 
ENOD2 and ENOD40 promoter. 
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Transverse section of several transgenic nodules showing GFP expression 
were scanned under a laser scanning confocal microscope. The vectors where 
the BirA ligase was driven by Arabidopsis thaliana actin promoter and 
Solanum Lycopersicum actin promoter shows similar expression pattern and 
transgenic efficiency (data not shown). Therefore, we proceeded with the 
vector with Arabidopsis thaliana actin promoter, named as (PK7WG-
GmENOD2-INTACT-AT and PK7WG-GmENOD40-INTACT-AT). As 
expected, the transgene was expressed in the nuclear envelope region of cells 
in the targeted tissue of transgenic nodule (Figure 3.1-C). 
 
 
                             
 
Figure 3.1-B: Transgenic nodule. 
The figure shows the transgenic showing 
GFP positive expression on ENOD40 
promoter derived root sample after 7 days’ 
post inoculation. 
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More importantly, the constructs were expressed in the appropriate target 
tissues of transgenic nodules as expected. Nodules transformed with the 
ENOD2 promoter driven cassette showed the GFP expression in nodule 
parenchyma tissue/zone while those with the ENOD40 promoter driven 
cassette showed the GFP expression in nodule primordium and infection 
tissue/zone. The nodules were imaged at 4 different time points of 
development; 5dpi, 7dpi, 10dpi, and 14dpi. At 5 and 7dpi, small bumps 
were seen in the root showing the nodule primordium. At this stage, inner 
cortex cells were starting to divide and the central part of these dividing 
cells were giving rise to the vascular bundle/procambial strand which 
connects nodule with the central cylinder of the root. (Figure 3.1-D (a to 
  
Figure 3.1-C: Expression of transgene in the nuclear envelope.  
This shows the GFP expression in the nuclear envelope region 
from the ENOD2 promoter expressed nodule section (shown by 
the ‘Green’ color).  Bar represents 20µm size.  
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f)) and (Figure 3.1-E (a to f)) At this stage, ENOD2 promoter driven 
vector showed the GFP expression in the inner cortical cells at proximal 
and lateral side of nodule primordium and in the newly formed tissue 
surrounding the procambial strand between the nodule primordium and 
root central cylinder (Figure 3.1-D (b, c, and e, f). While, ENOD40 
promoter driven vector showed the GFP expression in the nodule 
primordium, vascular bundle connecting root central cylinder with nodule 
and in the pericycle of root vascular bundle Figure 3.1-E (b, c, and e, f). At 
10 and 14dpi, nodule primordium is developed into clearly distinguishable 
central tissue and nodule parenchyma. Central tissue contains the infected 
and uninfected cells. Nodule parenchyma contains the inner cortical cells 
with vascular bundle connecting nodule with root central cylinder (Figure 
3.1-D (g to l)) and (Figure 3.1-E (g to l)). ENOD2 promoter driven vector 
showed GFP expression in the nodule parenchyma except in the vascular 
bundle (Figure 3.1-D (h,i and k, l). While, ENOD40 promoter driven 
vector showed GFP expression in the uninfected cells of the central tissue, 
in the boundary layer of central tissue and in the vascular bundle 
surrounding the central tissue (Figure 3.1-E (h, i and k, l) 
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Figure 3.1-D: Spatio-temporal localization of ENOD2 promoter 
derived construct in the representative nodule section from a 
confocal microscope. 
 Figure a, d, g and j shows bright field image; b, e, h and k shows 
GFP image; c, f, j and l shows white and GFP merged image. NP: 
Nodule primordium; PC: Procambial strand; RVB: Root vascular 
bundle; VB: Nodule vascular bundle; IC: Inner cortex; OT: Outer 
cortex; CT: Central tissue. Figure a, b and c represents nodule of 
5dpi; Figure d, e, and f represents image of 7dpi; Figure g, h and i 
represent image of 10dpi; Figure j, k and l represents image of 
14dpi. Figure shows the biotin tagging of nuclei through GFP 
localization on soybean nodule cross-section from transgenic 
nodule of ENOD2 promoter driven construct at 4 different time 
points, 5 (represents 3 out of 4 images),7 (represents 6 out of 6), 
10 (represents 8 out of 8) and 14dpi (represents 8 out of 8). At 
5dpi, GFP localization was on the tissue surrounding nodule 
primordium. At 7dpi, GFP localization was on the inner cortex 
surrounding procambial strand and nodule primordium. At 10dpi 
and 14dpi, GFP localization was in inner cortex surrounding 
central tissue. Bar represents 100µm scale.  
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Figure 3.1-E: Spatio-temporal localization of ENOD40 promoter 
derived construct in the representative nodule section using 
confocal microscope. 
 Figure a, d, g and j shows white light image; b, e, h and k shows 
GFP image; c, f, j and l shows white and GFP merged image. NP: 
Nodule primordium; PC: Procambial strand; RVB: Root vascular 
bundle; VB: Nodule vascular bundle; IC: Inner cortex; Pe: 
Pericycle; CT: Central tissue. Figure a, b and c represents nodule 
of 5dpi; Figure d, e, and f represents image of 7dpi; Figure g, h 
and i represent image of 10dpi; Figure j, k and l represents image 
of 14dpi. Figure shows the biotin tagging of nuclei through GFP 
localization on soybean nodule cross-section from transgenic 
nodule of ENO40 promoter driven construct at 4 different time 
points, at 5dpi (represents 3 out of 3), 7dpi (represents 4 out of 4), 
10dpi (8 out of 8) and 14dpi (3 out of 3) respectively (shown by 
‘green’ color). At 5dpi, GFP localization was seen in nodule 
primordium; at 7dpi, GFP localization was seen in pericycle and 
nodule primordium; at 10dpi in central tissue and at 14dpi around 
nodule vascular bundle and outer layer of central tissue. Bar 
represents 100µm scale. 
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These transgenic nodule sections showing the expected pattern of GFP 
expression in specific tissues from two different vectors confirmed that 
ENOD2 and ENOD40 promoters were expressed in specific tissue of nodule 
as expected (van de Wiel et al. 1990b; Yang et al. 1993) and very likely 
tagged the nuclei with biotin in the respective tissues. 
3.2. Purification of biotinylated nuclei: 
The biotinylated nuclei in two different tissue, nodule primordium/ central 
tissue and nodule primordium, was purified using streptavidin coated 
magnetic beads as described in 2.6. Only bead bound nuclei were collected by 
placing the mixture of nuclei and bead on a magnetic stand and using several 
washes as mentioned in 2.6. Initial mixture of nuclei and beads contained both 
bead bound and non-bead bound nuclei (Figure 3.2-A(a)) while the final 
mixture after purification contained only bead bound nuclei (Figure 3.2-A(c)). 
As we confirmed that the isolated bead bound nuclei were biotinylated by the 
isolation of nuclei from non-transgenic nodule where we did not see bead 
bound nuclei in final elution. (mentioned in 2.6). We then determined the 
efficiency of the purification method by counting the initial and final mixture 
of nuclei and beads in hemocytometer using confocal microscope and 
calculated percentage of efficiency as, 
𝐹𝑖𝑛𝑎𝑙 𝑏𝑒𝑎𝑑 𝑏𝑜𝑢𝑛𝑑 𝑛𝑢𝑐𝑙𝑒𝑖
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑏𝑒𝑎𝑑 𝑏𝑜𝑢𝑛𝑑 𝑛𝑢𝑐𝑙𝑒𝑖
∗ 100% 
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The efficiency percentage was more than 50% in most of the sample which 
showed that we could isolate more than 50% of bead bound nuclei from the 
total bead bound nuclei (Figure 3.2-B). This indicates an INTACT method for 
nuclei isolation is efficient to obtain targeted nuclei. 
Similarly, we also determined the purity of isolated nuclei by counting the 
bead bound                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
nuclei in the final mixture of nuclei and beads in hemocytometer using 
confocal microscope and calculated the purity percentage as, 
𝐹𝑖𝑛𝑎𝑙 𝑏𝑒𝑎𝑑 𝑏𝑜𝑢𝑛𝑑 𝑛𝑢𝑐𝑙𝑒𝑖
𝐹𝑖𝑛𝑎𝑙 𝑚𝑖𝑥𝑡𝑢𝑟𝑒
∗ 100% 
The purity percentage showed that the purity was greater than 88% which 
indicated the final mixture of nuclei and beads contained more than 88% bead 
bound nuclei (Figure 3.2-C). That means INTACT method was efficient in 
getting more than 50% of targeted nuclei in final elution and yielded nuclei 
with at least 88% purity (minimal contamination from non-target tissues). 
These nuclei were deemed suitable for use in a transcriptome experiment to 
identify genes enriched in these distinct nodule zones.  
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Figure 3.2-A: Initial and final mixture of nuclei and beads. 
 The initial mixture containing both bead bound and no-bead bound 
nuclei is shown in figure(a). Final mixture containing only bead bound 
nuclei is shown in figure (c). Red arrow shows the bead bound nuclei. 
Yellow arrow shows the nuclei not bound with beads. The zoomed 
image of bead bound nuclei is shown in figure (b).  
 
 
Figure 3.2-B:Average efficiency percentage of isolated nuclei.  
This figure shows the average percentage of bead bound nuclei in 
final mixture of beads and nuclei able to purify from the initial 
mixture of beads and nuclei from two different vectors driven by 
ENOD2 and ENOD40 promoter at different time points, 5, 7, 10 
and 14dpi (days post inoculation). N=3. 
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3.3. Nuclear transcriptome library: 
Sequence reads from the nuclear transcriptome was analyzed using the 
Cyverse platform as described in section 2.10.8. FastQC results showed that 
replicate 1 and 3 had all sequence read Phred quality >20 which was 
acceptable while in replicate 2, some nucleotides at the 3’ end had Phred 
quality <20. So, the Btrim tool trimmed poor quality reads and all reads had 
Phred quality >20. FastQC also showed high duplication level (percentage of 
sequence with a various number of duplication) with greater than 70% of the 
reads showing more than 10 times duplication (Table 3.3-A). The tophat 
mapping result showed that 60 – 80% of the reads were mapped against the 
soybean genome. Among the mapped reads, 50-85% of them showed multiple 
mapping (alignment >20). Only 15-50% of mapped reads were useful for 
 
Figure 3.2-C: Average purity percentage of isolated nuclei.  
This figure shows the average percentage of bead bound nuclei 
from the final mixture of isolated nuclei of two different vectors 
driven by ENOD2 and ENOD40 promoter at different time points, 
5, 7, 10 and 14dpi (days post inoculation). N=3. 
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downstream analysis (Figure 3.3-A). This gave only 5-28 million reads for 
further analysis. After removing duplicates from the mapped reads, the no. of 
aligned reads were only 1-7 million reads. Only this many reads were used for 
further analysis (Figure 3.3-B). This clearly showed that read depth was not 
sufficient but we wanted to see the effect of coverage difference in both 
duplicates removed and without duplicates removed samples. For that, we 
visualized marker genes expression pattern in the cuffdiff and DESEQ2 output 
from both duplicates removed and not duplicates removed samples at each 
time-points. The expression pattern of marker genes showed a similar pattern 
between the samples with and without duplicate removed. We also visualized 
expression pattern of marker genes between DESEQ2 and cuffdiff output 
which showed the similar pattern but we get significance enrichment of some 
marker gene in cuffdiff analysis.  
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Sample Time points R1(%) R2(%) R3(%) 
ENOD2 5dpi 89.6 77.48 83.99 
ENOD2 7dpi 89.31 88.52 88.12 
ENOD2 10dpi 86.34 82.26 84.31 
ENOD2 14dpi 86.47 70.67 76.96 
ENOD40 5dpi 92.21 86.84 92.28 
ENOD40 7dpi 89.66 82.56 89.38 
ENOD40 10dpi 86.26 80 79.69 
ENOD40 14dpi 78.38 69.73 75.57 
Table 3.3-A:  Duplication percentage in each sample. 
 This showed the percentage of sequence in each sample showing more 
than 10 times duplication in the library. 
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Figure 3.3-A: Tophat alignment result showing the total no. of aligned reads before duplicate removal.  
This shows that among the total mapped reads of two samples, ENOD2 (shown by ‘blue’ bar and ENOD40 
(show by ‘green’ bar), more than half reads were aligned greater than 20 times in genome (shown by ‘red’ 
and ‘yellow’ bar). 
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 Figure 3.3-B: No. of aligned reads after duplicate removal. 
  Enod2 samples are in ‘blue’ bar and ENOD40 samples are in ‘yellow’ bar. 
 
 
No. of aligned reads after duplicate removal 
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3.3.1. Analysis of marker gene expression pattern at 5dpi time points: 
We obtained the cufdiff and DESEQ output from 5dpi time point and 
validated the expression pattern using various marker genes. From the 
cuffdiff output, we obtained differences in FPKM in two different samples 
before and after duplicate removal. The comparison of marker gene 
expression based on FPKM value before duplicate removal in two 
different samples, (ENOD2 and ENOD40 promoter derived) showed that, 
ENOD40 (ch01), ENOD40, LBC_C1/C2/C3 had higher expression in 
ENOD40 promoter derived sample which was the expected pattern of 
expression (Figure 3.3-C (a)) shown by green arrow). Among them, 
LBC_C1 has a significant difference (q value <0.05) (shown by asterisk 
symbol). Also, ENOD2 (ch10) marker gene had higher expression in 
ENOD2 promoter derived sample which is also the expected pattern but 
the difference was not statistically significant (Figure 3.3-C (a) shown by 
the green arrow). But, the other marker genes ENOD2, and CYP83B1 
were not showing its expected pattern of difference. The same expression 
pattern was also seen in the duplicate removed sample. In duplicate 
removed sample, although we see same expression pattern of above-
mentioned marker genes none of the marker genes were significantly 
different. Also, ENOD2 (ch10) marker gene was not showing the expected 
expression pattern (Figure 3.3-C (b)). This might be because of low 
coverage of the reads after duplicate removal.  
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In the DESEQ2 output, we obtained the normalized count difference 
between the two samples and we validated the results with marker genes. 
The analysis of marker gene expression pattern showed similar expression 
like in cuffdiff both before and after duplicate removal. But there was no 
significant difference in the expression of LBC_C1 as in cuffdiff output 
(Figure 3.3-C(c and d)). This might be because of difference in 
normalization method in DESEQ2 where it accounts for variation within 
and between replicates (Anders and Huber 2012).  
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Figure 3.3-C: Marker gene expression pattern in 5dpi samples (ENOD2 and 
ENOD40 promoter derived sample).  
The figure showed the difference in the expression pattern of marker genes 
from both cuffdiff and DESEQ output on before and after duplicate removed 
samples. The cuffdiff output shows the FPKM (Fragments per kilobase per 
million reads) expression value at y-axis and marker genes at x-axis (figure 
a and b). The DESEQ output shows the median scaling size factor 
normalized count value at y-axis and marker genes at x-axis (figure c and 
d). Figure (a and c) shows the sample before duplicate removal. Figure (b 
and d) shows the sample after duplicate removal.  Expected expression 
pattern of the marker gene is shown by the green arrow. The significant 
difference between two samples is represented by an asterisk symbol (q-
value < 0.05).  
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3.3.2. Analysis of marker gene expression pattern at 7dpi time points: 
At 7dpi, the expression of marker gene from cuffdiff and DESEQ output 
before and after duplicate removal showed the expected expression pattern 
of ENOD40 (ch01), ENOD40, LBC_C1/C2/C3, CYP83B1, ENOD2 
genes. ENOD40 (ch01), ENOD40 and LBC_C1/C2/C3 showed higher 
expression in ENOD40 promoter derived sample compared to ENOD2 
promoter derived sample while CYP83B1 and ENOD2 gene showed high 
expression in ENOD2 promoter derived sample compared to ENOD40 
promoter derived sample which is the expected expression pattern (Figure 
3.3-D (a, b, c and d) shown by green arrow). Although we got expected 
expression pattern of the marker gene in our sample, the differences were 
not statistically significant. 
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Figure 3.3-D: Marker gene expression pattern in 7dpi samples (ENOD2 and 
ENOD40 promoter derived sample). 
 The figure showed the difference in the expression pattern of marker genes 
from both cuffdiff and DESEQ output on before and after duplicate removed 
samples. The cuffdiff output shows the FPKM (Fragments per kilobase per 
million reads) expression value at y-axis and marker genes at x-axis (figure a 
and b). Figure (a and c) shows the sample before duplicate removal. Figure 
(b and d) shows the sample after duplicate removal. The DESEQ output 
shows the median scaling size factor normalized count value at y-axis and 
marker genes at x-axis (figure c and d). Expected expression pattern of the 
marker gene is shown by the green arrow. 
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3.3.3. Analysis of marker gene expression pattern at 10dpi time points: 
At 10dpi, validation of data using the marker genes in cuffdiff output 
before duplicate removal showed significant differences in expression 
pattern between ENOD2 and ENOD40 promoter derived samples. These 
marker genes are, ENOD40 (ch01), ENOD40 and LBC_C3 (Figure 3.3-E 
(a) shown by both green arrow and asterisk symbol). We also saw 
expected pattern of expression of some other marker genes like LBC_C1 
and LBC_C2 but the difference was not significant (Figure 3.3-E (a) 
shown by the green arrow). We also saw a significant difference in the 
expression of marker gene (ENOD2 (ch20)) but the expression pattern was 
not as expected. ENOD2 (ch20) was expected to be expressed at higher 
levels in ENOD2 promoter derived samples but not in ENOD40 promoter 
derived sample. After duplicate removal, we saw marker genes mentioned 
above with expected expression pattern but the difference was not 
significant. We saw two marker genes showing the significant difference 
but with unexpected expression pattern. They are, Cyp83B1 and 
ENOD2(ch20) which are supposed to be highly expressed in ENOD2 
promoter derived samples (Figure 3.3-E (b)). DESEQ output showing 
normalized count difference between two samples before and after 
duplicate removal showed expected expression pattern of marker genes, 
ENOD40 (ch01), ENOD40, LBC_C1/C2/C3 with high differential 
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expression in ENOD40 promoter derived sample but they were not 
significant (Figure 3.3-E (c and d) shown by the only green arrow). 
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Figure 3.3-E: Marker gene expression pattern in 10dpi samples (ENOD2 and 
ENOD40 promoter derived sample).  
The figure showed the difference in the expression pattern of marker genes 
from both cuffdiff and DESEQ output on before and after duplicate removed 
samples. The cuffdiff output shows the FPKM (Fragments per kilobase per 
million reads) expression value at y-axis and marker genes at x-axis (figure a 
and b). The DESEQ output shows the median scaling size factor normalized 
count value at y-axis and marker genes at x-axis (figure c and d). Figure (a 
and c) shows the sample before duplicate removal. Figure (b and d) shows 
the sample after duplicate removal. Expected expression pattern of the 
marker gene is shown by the green arrow. The significant difference between 
two samples is represented by an asterisk symbol (q-value < 0.05).  
 
0
50
100
150
200
250
300
350
400
G
e
n
e
 e
xp
re
ss
io
n
 d
if
f.
Marker gene
Before duplicate removal
ENOD2_10dpi ENOD40_10dpi
*
*
*
* **
a
0
50
100
150
200
250
300
350
400
G
e
n
e
 e
xp
re
ss
io
n
 d
if
f.
Marker gene
After duplicate removal
ENOD2_10dpi ENOD40_10dpi
*
**
b
0
200
400
600
800
1000
1200
N
o
rm
al
iz
e
d
 c
o
u
n
t
Marker gene
Before duplicate removal
ENOD2_10dpi ENOD40_10dpi
c
0
50
100
150
200
250
300
350
400
N
o
rm
al
iz
e
d
 c
o
u
n
t
Marker gene
After duplicate removal
ENOD2_10dpi ENOD40_10dpi
d
66 
 
 
3.3.4. Analysis of marker gene expression pattern at 14dpi timepoints: 
At 14dpi, both cuffdiff and DESEQ output of differential gene expression 
in both before and after duplicate removal showed the expected expression 
pattern of some marker genes like ENOD2, ENOD2(ch10), Cyp83B1, 
ENOD2 (ch20) with its high expression in ENOD2 promoter derived 
sample compared to ENOD40 promoter derived sample (Figure 3.3-F 
shown by green arrow). But we could not find expected expression in 
other marker genes like ENOD40 (ch01), ENOD40, LBC_C1/C2/C3. 
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Figure 3.3-F Marker gene expression pattern in 14dpi samples (ENOD2 and 
ENOD40 promoter derived sample).  
The figure showed the difference in the expression pattern of marker genes 
from both cuffdiff and DESEQ output on before and after duplicate removed 
samples. The cuffdiff output shows the FPKM (Fragments per kilobase per 
million reads) expression value at y-axis and marker genes at x-axis (figure a 
and b). The DESEQ2 output shows normalized count value at y-axis and 
marker genes at x-axis (figure c and d). Figure (a and c) shows the sample 
before duplicate removal. Figure (b and d) shows the sample after duplicate 
removal. Expected expression pattern of the marker gene is shown by the 
green arrow. The significant difference between two samples is represented 
by an asterisk symbol (q-value < 0.05).  
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Percentage of a marker gene that showed the expected pattern of 
expression in each tissue at each timepoint is shown in Table 3.3-B. This 
shows the comparison of expression pattern before and after duplicate 
removal from both cuffdiff and DESEq2 output. The table showed that at 
all time points except at 5dpi there was no variation in the percentage of 
marker gene with the expected pattern of expression before and after 
duplicate removal. At 5dpi, only one marker gene (ENOD2 (ch10)) did 
not show a similar pattern of expression before and after duplicate 
removal. This clearly showed that duplicated reads did not affect the 
expression pattern of both tissue types. That means that the method we 
used for amplifying RNA was not affecting the expression pattern in two 
tissue types. 
  
Timepoints 
Marker gene expected 
expression % (Cuffdiff) 
Marker gene expected 
expression % (DESeq2) 
 
Before After Before After 
5dpi 73 64 73 64 
7dpi 64 64 64 64 
10dpi 64 64 64 64 
14dpi 36 36 36 36 
Table 3.3-B: Percentage of marker gene showing expected 
expression pattern.. 
 The table shows the percentage of gene showing the expected 
expression pattern in two tissue types of nodule before and after 
duplicate removal from cuffdiff and DESeq2 output. The total 
number of marker genes used for expression pattern validation 
was 11. 
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3.3.5. Distribution of transformed data and its expression pattern was 
different within the replicates of two tissue sample:  
As shown in Table 3.3-B, we could see expected the pattern of marker 
gene expression (from 36% to 73% of total marker genes) in two nodule 
tissue but we were not able to see a significant difference in the expected 
expression pattern. This led us to check the distribution and expression 
pattern of all genes in each replicate from the two different tissues. So, 
using http://ge-lab.org:3838/idep/ web-based platform developed by Dr. 
Xijin Ge lab (South Dakota State University), we obtained the distribution 
of transformed data from the read count (output from htseq tool). At 5dpi, 
the distribution of transformed data was different for some samples. We 
saw that replicate 2 and 3 of ENOD2 promoter derived tissue were 
significantly different in their distribution pattern. The hierarchical 
clustering heat map showed that replicate 2 of each tissue had a different 
expression pattern from other replicates. At 7dpi, replicate 2 of ENOD2 
promoter derived tissue showed a different distribution of data and the 
heat map showed different expression compared to other replicates. At 
10dpi, the distribution of data was similar for all replicates of both the 
samples. The heatmap showed that the gene expression pattern was also 
similar for replicates of each sample except replicate 3 of ENOD40 
promoter derived sample. At 14dpi, the distribution of replicate 1 of 
ENOD2 promoter derived sample was different than the other but the 
expression pattern of all replicates of each sample were comparable.  
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Figure 3.3-G: Distribution of data and expression pattern of genes at 5dpi 
timepoints of each replicate of two tissue types of nodule.  
The left figure shows the distribution pattern of data. Yellow and green 
bar showed different distribution pattern which is replicate 2 and 3 of an 
ENOD2 promoter derived tissue. The right figure is the heatmap of each 
gene based on hierarchical clustering. Replicate 2 of both the tissue 
showed a different type of expression pattern compared to other replicates 
of tissue sample which is labeled as count_40_5_2 and count_2_5_2.  
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Figure 3.3-H: Distribution of data and expression pattern of gene at 7dpi 
timepoints of each replicate of two tissue types of nodule. 
Left figure showing the distribution pattern of each sample from their 
expression value. Yellow and blue color showed different pattern of 
distribution which is replicate 2 of both tissue types. Right figure shows 
the heatmap of each gene expression level based on hierarchical 
clustering. It showed that replicate 2 of ENOD2 promoter derived tissue 
sample (labeled as count_2_7_2) has different expression pattern 
compared to other replicates. 
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Figure 3.3-I: Distribution of data and expression pattern of a gene at 
10dpi timepoints of each replicate of two tissue types of nodule. 
 Left figure showing the distribution pattern of each sample from their 
expression value. It shows that all replicates had the same pattern of 
distribution. The gene expression pattern also looks similar for all 
replicate of each tissue sample except replicate 3 of an ENOD40 
promoter derived sample. 
 
  
Figure 3.3-J: Distribution of data and expression pattern of a gene at 
14dpi timepoints of each replicate of two tissue types of nodule.  
Left figure showing the distribution pattern of each sample from their 
expression value. It showed that replicate 1 of ENOD2 promoter derived 
tissue sample had different distribution pattern. But each replicate of both 
tissue sample had similar gene expression pattern (right figure). 
 
73 
 
 
          
   
3.3.6. Differential gene expression between two nodule tissue. 
The two tissue types of the nodule (ENOD2 promoter driven and 
ENOD40 promoter driven) were compared for the differentially expressed 
gene at 4 different time points of nodule development (5, 7, 10 and 14dpi). 
Two different tools were used for the differential expression study. As 
mentioned in the material and method section (2.10.8.2), we combined 
significantly differentially expressed gene from all tools used at each time 
point. At 5dpi, we could determine 19 genes highly expressed in ENOD2 
promoter driven tissue while we found 46 genes highly expressed in 
ENOD40 promoter driven tissue with a significance threshold of <0.3. At 
7dpi, we found 146 genes highly expressed in ENOD2 promoter derived 
tissue but we found 9 genes significantly highly expressed gene in 
ENOD40 promoter driven tissue with significance threshold <0.3. At 
10dpi, we found 81 genes highly expressed in ENOD2 promoter driven 
tissue while 266 genes were highly expressed in ENOD40 promoter 
derived tissue with significance threshold <0.1. At 14dpi, we found 499 
genes highly expressed in ENOD2 promoter derived tissue while 774 
genes were highly expressed in ENOD40 promoter derived tissue with 
significance threshold <0.1.   
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3.3.7. Singular enrichment analysis of differentially expressed genes: 
Significantly enriched genes in each tissue at each timepoint involved in 
the biological, molecular and cellular process were determined through 
singular enrichment analysis (SEA) using AgriGO tool (Du et al. 2010). 
At 5dpi, significantly enriched genes in ENOD2 promoter derived tissue 
showed a greater percentage of GO annotation for binding and cellular 
process compared to the reference gene group and significantly enriched 
 
 
Figure 3.3-K: Differential gene expression in two nodule tissue. 
 Heat map showing the significantly differentially enriched genes of 
ENOD2 and ENOD40 promoter derived tissue (labeled as ENOD2 and 
ENOD40) at each timepoint (5, 7, 10 and 14dpi). The significance level 
for 5 and 7 dpi was <0.3 while for 10 and 14dpi was <0.1. Blue color 
represents highly expressed and yellow color as low expressed gene. 
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genes in ENOD40 promoter derived tissue showed a greater percentage of 
GO annotation on biological process and regulation of the biological 
process. But there were no statistically significant enrichment in both 
tissues.  
At 7dpi, ENOD2 tissue showed a greater percentage of GO annotation on 
the molecular and cellular process. Among the molecular process, these 
genes were significantly enriched in the binding process. While in 
ENOD40 tissue, greater percentage of GO annotation were involved in the 
cellular process and metabolic process. But there was no significant 
enrichment in ENOD40 tissue.  
At 10dpi, genes enriched in ENOD2 promoter derived tissue were greatly 
involved in the biological process and cellular process. Among these, it 
showed significant enrichment for the biological process like transcription 
regulator activity. While genes enriched in ENOD40 promoter derived 
tissue showed its greater percentage of GO annotation in all molecular, 
biological and cellular process. Among the molecular process, these genes 
were significantly involved in transport activity. Among the cellular 
process, these genes were significantly enriched as membrane bound. 
Among the biological process, these genes were significantly involved in 
transmembrane transport.  
At 14dpi, significantly enriched genes in both ENOD2 and ENOD40 
promoter derived tissue showed a greater percentage of GO annotation on 
the biological and molecular process. Among the biological process, genes 
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in ENOD2 tissue showed its significant involvement in phosphorus 
metabolic process and transport while ENOD40 tissue showed its 
significant involvement in oxidoreductase activity and carbohydrate 
catabolism. Among the molecular process, genes in ENOD2 tissue were 
involved in phosphotransferase and protein kinase activity while the genes 
in ENOD40 tissue were involved in oxidoreductase activity.  
 
 
 
ENOD2_5dpi  ENOD40_5dpi  
ENOD40_7dpi  ENOD2_7dpi  
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Figure 3.3-L: Singular enrichment analysis of significantly enriched 
genes. 
The figure shows singular enrichment analysis of significantly enriched 
genes in two tissue types (ENOD2 and ENOD40 promoter derived tissue) 
at each timepoint (5, 7, 10 and 14dpi). The left image was from ENOD2 
promoter derived tissue while the right image was from ENOD40 
promoter derived tissue. Y-axis represents percentage of gene enriched in 
cellular, biological and molecular process with relative to a reference 
gene. X-axis represents GO annotation of enriched genes. 
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3.3.8. Pathway analysis showed expected pathway between two nodule 
tissue: 
Pathway analysis using the GAGE tool on all gene sets based on the log2 
fold change between the two different tissue samples at different time 
points were used to evaluate biological processes distinct between these 
tissue types. At 5dpi, we observed that cell wall organization pathway was 
significantly enriched in ENOD2 promoter derived tissue compared to 
ENOD40 promoter derived tissue. This might be because of the evidence 
showing ENOD2 gene encoding hydroxyproline - rich cell wall protein 
(Franssen et al. 1987) which might show gene involving in cell wall 
organization.  
At 7dpi, we observed genes involved in carbohydrate derivative transport 
pathway enriched in ENOD40 promoter derived tissue samples. ENOD40 
is expressed in the cell layer surrounding connecting vascular bundle 
between nodule and plant root at 7dpi (Yang et al. 1993). So, the tissue 
derived from the ENOD40 promoter expressed region might be involved 
in transporting carbon from plant root to the nodule.  
At 10dpi, the genes involved in purine biosynthesis pathway were 
enriched in ENOD40 promoter derived sample. This indicates that the 
differentially expressed gene is perhaps from the uninfected cells of 
central tissue where ENOD40 is expressed. Ureides, the form of nitrogen 
transported from uninfected cells of central tissue (Mylona et al. 1995) is 
produced by de-novo purine biosynthesis (Tajima et al. 2004).  
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At 14dpi, genes involving in phenylpropanoid catabolic pathway and 
lignin metabolic pathway were highly enriched in nodule parenchyma 
region (ENOD2 promoter derived tissue) compared with the central tissue 
(ENOD40 promoter derived tissue) which matches with the study done by 
(Takanashi et al. 2012). As mentioned in this study, phenylpropanoids are 
building blocks of suberin and lignin which function as a physical barrier 
and mechanical support at the cell wall. ENOD2 is expressed a little in the 
endodermis (van de Wiel et al. 1990b) and endodermis is highly rich in 
lignin and suberin clearly shows that the pathway is from ENOD2 
promoter expressed tissue. These components might be involving in 
blocking oxygen in nodule parenchyma region. 
3.3.9. Transcription factor families are enriched in two nodule tissue: 
We obtained the list of transcription factor families enriched in each tissue 
from the significantly differentially expressed genes at each time point. At 
5dpi, transcription factor families like bHLH and NIN-like were enriched 
only in ENOD40 promoter derived tissue while MYB-related and DBB 
were enriched only in ENOD2 promoter derived tissue of nodule. NAC 
was enriched in both the tissues at this time point. At 7dpi, only one TF 
family, MYB-related was enriched in ENOD40 tissue. TF families 
enriched in ENOD2 tissue were WRKY, ARF, bZIP, MIKC, GRAS, and 
B3. At 10dpi, TF families enriched in ENOD2 promoter derived tissue 
was WKRY, G2-like and HSF. While in ENOD40 promoter derived 
tissue, the TF families enriched were NIN-like, bZIP, SRS, ERF, ARF, 
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and GRAS. Both tissues shared 4 TF families at different time points. 
They are C2H2, NAC, bHLH and MYB. At 14dpi, Both the tissues shared 
9 TF families while ENOD2 tissue had 5 enriched TF families like G2-
like, GATA, NIN-like, and SRS. ENOD40 promoter derived sample had 
13 TF families enriched like ARF, bZIP, MYB related. The result showing 
NIN-like TF families enriched in ENOD40 promoter derived tissue was 
expected as this TF family is involved in the induction of nodulin gene in 
nodule primordium and ENOD40 promoter is expressed in nodule 
primordium region of nodule (Schauser et al. 1999). 
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Figure 3.3-M: Transcription factor families significantly enriched in two 
different tissues. 
The figure shows transcription factor families significantly enriched in 
two different tissues (ENOD2 and ENOD40 promoter derived tissue) at 
each timepoint (5, 7, 10 and 14dpi). Significance level for 5 and 7 dpi was 
q-value <0.3 while for 10 and 14dpi was q-value <0.1. The blue bar 
represents TF families enriched in ENOD2 promoter derived tissue. 
Orange bar represents TF families enriched in ENOD40 promoter derived 
tissue. 
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3.3.10. Same transcription factor was enriched in same/different tissue at 
different time points. 
We evaluated if a specific transcription factor gene was enriched in 
same/different tissue at different time points from three different analysis 
methods; Cuffdiff, DESeq2, and iDEP. We did not find any such TFs 
differentially enriched at different time points from the DESeq2 output 
(significance level of <0.05). From Cuffdiff (significance level <0.05) and 
iDEP (significance level of <0.3 at 5 and 7dpi and <0.1 at 10 and 14dpi) 
analysis, we found some TF enriched in same/ different tissue at different 
time points. 
 From the significant differentially expressed genes of cuffdiff output, we 
found transcription factor of MyB- related transcription factor family 
(GLYMA03G42260.1) was highly enriched in ENOD2 promoter derived 
tissue at 5dpi while the same gene was highly enriched in ENOD40 
promoter derived tissue in 7 and 14dpi. ENOD40 and LjMYBr promoter 
driven GUS expression was observed in vascular bundle of Lotus nodules 
(Duangkhet et al. 2016). Therefore, it is possible that high enrichment in 
ENOD40 derived tissue at 7 and 14dpi was as expected. Similarly, the 
gene of bZIP transcription factor family (GLYMA19G43420.1) was 
highly enriched in ENOD2 promoter derived tissue at 7dpi. Same gene 
was highly enriched in ENOD40 promoter derived tissue at 14dpi. Also, 
the gene of ARF transcription factor family (GLYMA17G37580.1) was 
highly enriched in ENOD2 promoter derived tissue at 7dpi and same gene 
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was highly enriched in ENOD40 promoter derived tissue at 14dpi. (Figure 
3.3-N, left graph)  
From the significant differentially expressed gene of iDEP output, we 
observed an interesting result from this analysis where transcription factor 
of bHLH transcription factor family (GLYMA08G04661.1) was highly 
enriched in ENOD40 promoter derived sample at 5 and 14dpi which might 
be involved in nodule vascular patterning and nodule to plant metabolic 
exchange as characterized in MtbHLH transcription factor where this 
transcription factor family is expressed in pericycle of vascular bundle and 
in uninfected cells of nitrogen fixation zone (Godiard et al. 2011). 
Similarly, the gene of NAC transcription factor family 
(GLYMA19G34881) was highly enriched in ENOD2 promoter derived 
tissue at 5dpi while it was highly enriched in ENOD40 promoter derived 
tissue at 14dpi. (Figure 3.3-N; Right graph). 
 
    
*** 
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Figure 3.3-N: Same transcription factor enriched in same/different tissue 
at different time points. 
 Y-axis represents log2fold change value. the x-axis represents time points. 
The graph represents significantly enriched transcription factor in each 
tissue (Left: cuffdiff and Right: iDEP). Blue color represents MYB-related 
TF family, orange color represents bZIP TF family, gray color represents 
ARF TF family, green color represents bHLH TF family and light green 
color represents NAC TF family. ** q-value<0.01, * q-value<0.05.   
3.3.11. Hormone biosynthesis and signaling: 
We evaluated auxin and cytokinin biosynthesis and signaling genes to 
determine if any of them were differentially expressed in two tissue of 
nodule. The result showed that there was no differential expression of any 
of these genes (signaling and biosynthesis) between the two tissues at 5 
and 7dpi. At 10dpi, genes involved in auxin signaling such as ARFs were 
highly enriched in ENOD40 promoter derived tissue. Genes involved in 
auxin biosynthesis, YUCCA gene family were also enriched in ENOD40 
promoter derived tissue in nodule. But there was no any auxin 
biosynthesis or signaling genes enriched in ENOD2 promoter derived 
tissue. Similarly, the gene of a cytokinin signaling gene family, HK was 
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enriched in ENOD40 promoter derived tissue at 10dpi. But no gene family 
related to cytokinin biosynthesis was enriched in either of the tissue.  
At 14dpi, genes involved in auxin signaling, AUX/IAA, and ARFs were 
enriched in ENOD40 promoter derived tissue. Also, genes involved in 
auxin metabolism, GH3 were enriched in both the tissue types of the 
nodule. At 14dpi, cytokinin receptor HK was enriched in ENOD2 
promoter derived tissue. Similarly, gene encoding cytokinin biosynthesis 
and deactivation were enriched in ENOD40 promoter derived tissue at 
14dpi. 
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Gene ID Auxin signaling 
Log2 fold change 
(ENOD40/ENOD2) 
q-value 
7dpi    
GLYMA17G37580 ARFs -2.51685 0.048181 
10dpi       
GLYMA17G37580 ARFs 2.10882 0.046042 
14dpi       
GLYMA19G43450 AUX/IAA 1.344 0.025519 
GLYMA07G16170 ARFs 1.052 0.085724 
GLYMA13G43780 AUX/IAA 2.85161 0.021136 
    
Gene ID 
Auxin 
biosynthesis 
Log2 fold change 
(ENOD40/ENOD2) 
q-value 
10dpi 
   
GLYMA07G09500 YUCCA 1.822 0.037436 
GLYMA06G08560 YUCCA 1.732 0.042459 
14dpi 
   
GLYMA06G40860 GH3 -0.974 0.028278 
GLYMA01G39780 GH3 1.18775 0.024059 
GLYMA17G18040 GH3 2.02946 0.011857 
    
 
Gene ID 
Cytokinin 
signaling 
log2 fold change 
(ENOD40/ENOD2) q_value 
10dpi       
GLYMA11G08310 HK 1.44173 0.043399 
14dpi       
GLYMA16G23420 HK -1.50775 0.047954 
    
Gene ID 
Cytokinin 
biosynthesis 
log2 fold change 
(ENOD40/ENOD2) q_value 
14dpi    
GLYMA04G05840 CKX 1.357 0.051708 
GLYMA10G03060 IPT 1.291 
 
0.030663 
 
Table 3.3-C: Hormone biosynthesis and signals on significantly enriched 
genes. 
The table shows hormone biosynthesis and signaling gene significantly 
enriched in each tissue (ENOD2 and ENOD40 promoter derived tissue) at 
each timepoint (10 and 14dpi). 
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4. DISCUSSION 
4.1. Visualization of biotin-tagged nuclei in a specific tissue of soybean 
nodule. 
We used the INTACT method to isolate nuclei from nodule parenchyma and 
primordium/infection zone to compare gene expression profiles between these 
nodule tissues in soybean. We used a soybean tissue specific promoter, 
ENOD2 (for nodule parenchyma) and ENOD40 (for nodule 
primordium/infection zone). Previous research on INTACT method (Deal and 
Henikoff 2011) the nuclei in targeted cell-types were tagged with NTF 
through stable plant transformation. In our case, we used Agrobacterium 
rhizogenes mediated hairy root transformation to tag the nuclei in targeted 
cell-types with NTF using tissue specific promoter. Agrobacterium rhizogenes 
mediated hairy root transformation produced 2 roots/plant (on average) 
transgenic root. So, more plants were needed to obtain enough sample for 
further analysis. Screening of transgenic root was done after inoculation with 
Bradyrhizobium japonicum in vermiculite: perlite as the promoters we used 
would be expressed only in nodules tissues. GFP fluorescence from the 
nuclear tagging fusion protein was localized to evaluate expected expression 
pattern at different stages of nodule development (5dpi, 7dpi, 10dpi, and 
14dpi). The expression pattern confirmed that the promoters drove gene 
expression in expected tissues types and also that nuclei in target cells were 
tagged with the NTF. This showed that hairy root transformation was efficient 
in tagging nuclei with NTF at specific tissue-type using tissue specific 
promoter. 
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4.2. Purification of biotinylated nuclei: 
We used INTACT method for the purification of tagged nuclei using affinity 
based purification. This method is simple, uses less sophisticated equipment, 
and has been demonstrated to isolate nuclei with high purity (Deal and 
Henikoff 2011). We were also able to isolate nuclei with at least 88% purity 
and our yields were 3*10^5 nuclei from 0.8 g of nodule tissue. The efficiency 
of nuclei isolation was more than 50% on average. Among the two samples, 
(ENOD2 and ENOD40 promoter derived sample) efficiency of nuclei 
isolation was more on ENOD2 promoter derived sample compared to 
ENOD40 promoter derived sample. This showed that ENOD2 promoter was 
able to tag nuclei with NTF more strongly compared to the ENOD40 
promoter. The efficiency and purity percentage of isolated nuclei clearly 
showed that INTACT method was effectively adapted for use with soybean 
nodule tissues and was used to efficiently obtain cell type-specific nuclei. 
4.3. RNA amplification: 
Seqplex RNA amplification kit protocol was used for amplification of total 
RNA. Microgram quantity of cDNA was obtained from nanogram quantity of 
RNA using this method. PCR based amplification was performed to get a 
higher quantity of cDNA in this method which produces duplicated reads 
reducing the coverage of reads (from 5 to 28 million reads to 1 to 7 million 
reads) for RNAseq analysis. Although the marker gene expression pattern did 
not change between reads before and after duplicate removal but the 
significance level was changed. More significant differential expression was 
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seen in the sample before duplicate removal compared to after duplicate 
removal. At 10dpi, cuffdiff output showed (6/11) marker gene showed a 
significant difference in gene expression before duplicate removal which was 
decreased to (3/11) after duplicate removal. This might be because of low 
coverage of reads after duplicate removal or might have affected read 
mapping. Further validation by sequencing RNA without amplification would 
give us more confident in processing the data further. 
4.4. Nuclear Transcriptome library: 
4.4.1. Read mapping and marker gene expression pattern: 
The sequence reads obtained from the nuclear transcriptome of two 
different tissue types at four different time points was analyzed using 
RNA-Seq pipeline in the web-based platform of cyverse. The fastqc result 
showed a high level of duplication in the sequence reads. This might be 
due to the PCR amplification of RNA during the preparation of cDNA. 
Because of duplicated reads, mapping of this sequence reads resulted in 
unique alignment of only 5 – 28 million reads among 65 million reads. 
Uniquely aligned means just a single mapping locus in the genome for 
each read. Among the samples, 5 and 7 dpi samples had less number of 
uniquely aligned reads compared to 10 and 14 dpi samples. We then 
removed the duplicates from the mapped reads which resulted in 1 to 7 
million reads for further analysis. We now wanted to check whether the 
duplication of reads has some effect on the expression pattern of the genes 
between the samples. For that, we compared the expression pattern of 11 
different marker genes known to be differentially expressed in two 
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different tissue before and after duplicate removal. This showed no 
difference in the expression pattern of marker genes between samples 
before and after duplicate removal. This justifies that, although there is 
duplication in the reads due to the PCR amplification, the expression 
pattern is not hampered. This gave us the confidence to work with our data 
even without duplicate removal. In our samples, we checked the 
expression pattern of marker genes and the result showed that there are 
some marker genes which showed expected pattern of expression but it 
was not significantly different between the tissues. So, we wanted to see 
the distribution pattern of reads in each sample at each time points. 
4.4.2. Distribution of transformed data at each time points and its 
expression pattern between the replicates at each time points: 
We looked at the distribution pattern of read counts of each replicate in 
each sample. The distribution pattern showed that in 10 and 14dpi there 
was less variation in distribution pattern between each replicate of the 
same sample. The variation was more in 5 and 7dpi sample. Also, the 
expression pattern varies more in 5 and 7 dpi compared to 10 and 14dpi of 
each replicate in each sample. This now clarified that the marker gene 
expression pattern was not significantly different although it was showing 
expected pattern of expression in each tissue sample. The variation within 
the replicate might be because of non-uniformity of nodule stage and time 
of initiation of nodule as mentioned in (Newcomb et al. 1979). Because 
we studied the gene expression based on time of inoculation instead of 
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nodule stage. So, getting more replicates might be able to solve this issue. 
To further validate the data, we performed singular enrichment analysis 
and pathway analysis. 
4.4.3. Significant differentially expressed genes: 
Three different analysis methods were used to determine differentially 
expressed genes; Cuffdiff, DESeq2 and iDEP with a significant threshold 
of q-value<0.05, padj value<0.05 and padj value<0.3 at 5 and 7dpi, <0.1 at 
10 and 14dpi respectively. As cuffdiff does not account for the variation 
between replicates to determine differentially expressed gene between two 
conditions, we could found significantly differentially expressed gene at q-
value<0.05. In contrast to that, we also used DESeq and iDEP analysis 
method which accounts for variation between replicates to compare 
differentially expressed gene between two conditions. As expected, 
DESeq2 and iDEP could not find differentially expressed gene at 5 and 
7dpi at padj value <0.05 because of more variation between replicates. So, 
we used significance threshold for padj value<0.3 at 5 and 7dpi. At 10 and 
14dpi, the variation was less between replicates so, we could find 
significant differentially expressed gene with a significant threshold of 
padj<0.1. Combining results from all three analyses, we found genes that 
were differentially expressed at significant level between the two different 
tissue at different time points. We found more number of differentially 
expressed genes at 10 and 14dpi compared to 5 and 7dpi. This variation 
between the replicates might be solved by studying more replicates. In 
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addition to variation between the replicates, there might also be some cell 
layer common between the two different tissue types. So, using cell type 
specific promoter instead of tissue type promoter might also help to get 
more differentially expressed genes. We also studied nodule tissue specific 
gene expression based on time points rather than nodule stage. A study 
conducted by Newcomb et al. 1979 in determining the development of 
nodule tissue in the determinate and indeterminate nodule shows that 
determinate nodule had non-uniformity in nodule growth based on time 
points. So, studying tissue specific gene expression based on the stage of 
nodule growth might also help to get more uniformity within the replicates 
and ultimately get more differentially expressed genes. 
4.4.4. Singular enrichment analysis and pathway analysis: 
Singular enrichment analysis by AgriGo and pathway analysis by GAGE 
further validate the data that we obtained was from the respective nodular 
tissue. The result showed an expected pathway in each tissue types. We 
found some cell wall organization, defense response, lignin metabolic 
process related pathway in ENOD2 promoter derived sample which might 
be because of the role of those tissue in blocking oxygen. ENOD2 gene is 
involved in the production of hydroxyproline rich protein which is a cell 
wall component (Franssen et al. 1987). Also, lignin is involved in making 
rigid cell wall which might also be useful in blocking oxygen (Takanashi 
et al. 2012). Similarly, an Enod40 promoter derived tissue was highly 
involved in transport and biosynthesis of purine and amino acid pathway 
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which clearly showed uninfected cells of infection zone and vascular 
bundle related pathway. As the synthesis of ammonia occurred in infection 
zone which is assimilated into amino acid and where amino acid 
biosynthesis genes are involved. Also, uninfected cells in the infection 
zone are involved in the transport of a synthesized form of nitrogen from 
nodule to plant and carbon from plant to nodule (Mylona et al. 1995; 
Tajima et al. 2004) involving purine biosynthesis pathway. 
4.4.5. Transcription factor families and enriched transcription factor: 
From pathway analysis in the differentially expressed gene in two 
different tissue, we could validate the differentially expressed gene was 
from the respective tissue. Using nodule specific transcription factors, we 
could find transcription factor families enriched in each and both tissue at 
different time points. We found NIN like transcription factor highly 
enriched in ENOD40 promoter derived tissue at 5 and 10dpi. This result 
was expected because NIN like transcription factor is expressed in nodule 
primordium, an ENOD40 promoter derived tissue (Schauser et al. 1999). 
We also looked for same transcription factor enriched in same/ different 
tissue at different time points. The result showed that same transcription 
factor was functioning in same/different tissue at different time points   
Myb-related transcription factor ((GLYMA03G42260.1) was highly 
enriched in ENOD2 promoter derived tissue at 5dpi while same 
transcription factor was highly enriched in ENOD40 promoter derived 
tissue in 7 and 14dpi. This result was consistent with the research done by 
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(Duangkhet et al. 2016)  where ENOD40 and LjMYBr promoter driven 
GUS expression was observed in vascular bundle of Lotus japonicas 
nodules. There might be a movement of a transcription factor from one 
tissue type to another tissue types to control the expression of some gene 
as shown in (Nakajima et al. 2001). This could be the possibility that 
Myb-related transcription factor ((GLYMA03G42260.1) was initially 
expressed in ENOD2 promoter derived tissue at 5dpi and might have 
moved to ENOD40 promoter derived tissue i.e. in vascular bundle. Further 
study on the function of this transcription factor would help to find out the 
reason behind the expression in different tissue types at different time 
points. 
4.4.6. Hormone biosynthesis and signaling:  
The role of auxin and cytokinin in nodule development have been shown 
by various studies as mentioned in 1.6.3. Using auxin and cytokinin 
signaling and biosynthesis gene present in nodule, we could determine 
tissue specific expression of auxin and cytokinin signaling and 
biosynthesis genes. We also found that the auxin signaling gene 
(GLYMA17G37580) of ARF5 family was highly enriched in ENOD2 
promoter derived tissue at 7dpi, while it was highly enriched in ENOD40 
promoter derived tissue at 10dpi. It might be because of the fact that 
during nodule initiation there is low auxin sensitivity shown by the low 
expression of DR5: GUS expression in nodule primordium region where 
the ENOD40 promoter is expressed at 7dpi (Turner et al. 2013). At 10dpi, 
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enrichment of the same auxin signaling gene (GLYMA17G37580) of 
ARFs family in ENOD40 promoter derived tissue might be because of its 
higher sensitivity during nodule maturation with its expression in nodule 
vasculature where the ENOD40 promoter is expressed. But we still need 
to do further research to confirm this. At 14dpi, the gene of AUX/IAA 
(GLYMA19G43450 and GLYMA13G43780) and ARFs 
(GLYMA07G16170), auxin signaling TF family were highly enriched in 
ENOD40 promoter derived tissue while gene (GLYMA16G23420) of 
cytokinin signaling TF family, HK were highly enriched in ENOD2 
promoter derived tissue. This might be because of complementary role of 
auxin and cytokinin which might also be functioning in two different 
tissue types. From this analysis, we were also able to find various genes 
encoding components of auxin biosynthesis, YUCCA 
(GLYMA07G09500, GLYMA06G08560) and GH3 (GLYMA01G39780 
and GLYMA17G18040) that were highly enriched in ENOD40 promoter 
derived tissue at 10 and 14dpi respectively. We also observed one gene 
encoding GH3 (GLYMA06G40860) that was highly enriched in ENOD2 
promoter derived tissue at 14dpi. This suggested that tissue specific auxin 
biosynthesis and/or deactivation might occur during nodule maturation. 
Further characterization of these genes will be required to determine their 
tissue specific function. Genes encoding components cytokinin 
biosynthesis/metabolism, CKX (GLYMA04G05840) and IPT 
(GLYMA10G03060) were enriched in ENOD40 promoter derived tissue 
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at 14dpi. This indicated potential tissue specific role of cytokinin during 
nodule maturation. Further characterization of tissue-enriched genes will 
certainly help to unravel tissue specific hormonal signals during nodule 
development. 
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5. CONCLUSION 
Nuclear transcriptomics was performed to identify the key determinants of the 
nodule parenchyma and nodule central tissue specification using INTACT 
method. ENOD2 and ENOD40 promoters were used for the targeted isolation 
of nuclei from the parenchyma and central zone tissue types respectively. The 
technique was optimized in soybean hairy root system to yield pure nuclei 
with at least 88% purity and 50% efficiency. RNA extracted from the nuclei 
sample were amplified and used for global gene expression profiling of the 
two different tissue types at four time points (5, 7, 10 and 14dpi). 
Validation of transcriptomics data was done by using 11 different marker gene 
known to be expressed in targeted tissue types. The expected expression 
pattern of tissue specific marker genes from the transcriptomics data showed 
73%, 64%, 64% and 36% of total marker gene showed expected expression 
pattern at 5, 7, 10 and 14dpi respectively. Further validation of data was done 
by pathway analysis. Pathway analysis showed the expression of cell wall 
related and lignin metabolic pathway was highly enriched in ENOD2 
promoter derived tissue (nodule parenchyma) indicating its role in blocking 
oxygen. Similarly, carbohydrate derivative transport and purine biosynthesis 
pathway was enriched in ENOD40 promoter derived tissue (central tissue and 
nodule vascular bundle) indicating its role in transporting carbon from root to 
nodule and synthesized nitrogen from nodule to plant root. Transcription 
factor signaling analysis showed significantly enriched transcription factor in 
both tissue types of nodule at 5, 7, 10 and 14dpi. NIN like transcription factor 
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involving in symbiosis was enriched in ENOD40 promoter derived tissue 
(nodule primordium) at 5 and 10dpi confirming well known expression 
pattern of NIN-like transcription factor family in nodule primordium. Same 
transcription factor (GLYMA03G42260.1) of MYB-related transcription 
factor family was enriched in ENOD2 promoter derived tissue at 5dpi while 
was enriched in ENOD40 promoter derived tissue at 7 and 14dpi suggesting 
developmental stage-specific induction at different nodule zones. Similarly, 
transcription factor (GLYMA08G04661.1) of bHLH transcription factor 
family was highly enriched in ENOD40 promoter derived tissue (nodule 
vascular) at 5 and 14dpi showing the possible role in vascular patterning and 
nodule to plant metabolic exchange. Multiple genes involved in the 
phytohormone signaling pathway were identified to be differentially 
expressed between the two tissue types. Auxin signaling components like 
ARF, AUX/IAA were identified to be enriched in ENOD40 promoter derived 
tissue at 14dpi and on the other hand the cytokinin signaling component HK 
was identified to be enriched in ENOD2 tissue at the same timepoint. The 
differential expression shows the possibility of hormonal gene regulation 
involved in tissue differentiation and patterning during nodule development. 
Although we determine the spatiotemporal expression of auxin and cytokinin 
signaling and biosynthesis related gene, the significance level of difference 
was only more than 90% due to the variation between replicates. Analysis of 
data using more replicates would enable obtaining conclusive result with 
statistical significance. This study had helped in the identification of genes 
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related to hormone signaling which would enable further research to reveal 
the role of these phytohormones in nodule tissue specification. Differential 
expression of multiple transcription factors highlights the role of different 
signaling components involved in the tissue development in the determinate 
nodule of soybean. The results from this study has aided in identification of 
key regulators of the parenchyma and central zone tissue types using nuclear 
transcriptomics. 
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7. APPENDIX 
 
: Verification of destination vector 
 
 
Appendix A: Verification of destination vector. This shows the gel image for 
verification of destination vector. The gel shows different size band of 
destination vector (labeled as ‘At’ and ‘SL’) after the restriction digestion 
using various enzymes. (labeled as ‘Not1’, ‘ECOR1’ and ‘Nde1’). Two 
extreme band on left and right side are 1kb and 100bp ladder. Plasmid 
replicate=1. 
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: Verification of expression vector. 
 
  
Appendix B: Verification of expression vector.Gel image showing the different 
sizes band obtained after digesting the vector with different restriction 
digestion enzyme. Enzymes are labeled as ‘Nde1’, ‘Not1’ and ‘BsrG1’. 
PK7WG-GmENOD2-INTACT-AT (labeled as ‘At’) and PK7WG-GmENOD2-
INTACT-SL (labeled as ‘Sl’). ‘L’ is 1kb ladder. Plasmid replicate=3 for 
‘Nde1’, replicate=2 for ‘Not1’ and ‘BsrG1’. 
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: Verification of donor vector. 
 
 
Appendix C: Verification of donor vector. Gel image showing the different 
sizes band from the digestion using different restriction digestion enzyme 
(labeled as ‘BamH1’, ‘Not1’ and ‘PVU1’). Two extreme bands are 1kb band. 
Plasmid replicate=3 
 
: Verification of entry clone. 
 
 
Appendix D: Verification of entry clone. Gel image showing different sizes 
band from the digestion of clone using different restriction digestion enzymes 
(labeled as ‘BsrGI’, ‘NotI’ and ‘PvuI’). ‘L’ is 1kb ladder. Plasmid 
replicate=3. 
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: Verification of expression vector 
 
 
Appendix E: Verification of expression vector This shows the gel image of 
expression vector PK7WG-GmENOD40-INTACT-AT (labeled as ‘At’) / 
PK7WG-GmENOD40-INTACT-SL (labeled as ‘Sl’) obtained after digesting 
with different digestion enzymes (labeled as ‘NdeI’, ‘EcoRV’ and ‘BsrI’). 
Plasmid replicate=4. 
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: Composition of Hoagland solution. 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
Concentration for stock solution (1L) 
  
 
Component Mol.wt 
Molarity 
(mM) 
Amount 
(gm) 
Solution -I Ca(NO3)2.4H2O 236.15 892.7614 210.8253 
Solution -II MgSO4.7H2O 246.5 500 123.25 
Solution-III KNO3 101.1032 1250 126.37 
 
KH2PO4 174.2 200 34.85 
Soultion-IV Na2FeEDTA 372.24 11.5 4.28 
Soultion-V MnCl2 125.84 3.6 0.453 
 
ZnSO4 161.47 0.34 0.054 
 
H3BO3 61.83 11.5 0.711 
 
CuSO4 159.6 0.125 0.0195 
 
H2MoO4 85% 
 
0.085 
 
Concentration for final solution (1L) 
 
Volume used (ml) Final molarity(mM) 
Solution -I 5.6 5 
Solution -II 4 2 
Solution-III 4 5 
Soultion-IV 8 0.092 
Soultion-V 4 1x 
Appendix F: Composition of Hoagland solution. 
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: Composition of nitrogen free plant nutrient solution. 
 
 
 
: Composition of vincent - rich media. 
 
 
 
 
 
A. Macronutrient stocks: 
  
Stock 
Stock 
vol 
Amount(gm) 
ml Stock/liter 
PNS 
MgSO4.7H2O 200ml (12.3g) 2 
CaCl2.2H2O 400ml (29.4g) 4 
K2HPO4.3H2O 100ml (3.4g) 1 
K2SO4 400ml (22.0g) 4 
FeCl3.6H2O 250ml (0.62g) 2.5 
 
B. Micronutrients (10000x) 
 
Stock gm per 1 liter 
H3BO3 1.42 
MnSO4.H2O 0.77 
ZnSO4.7H2O 1.73 
CuSO4.5H2O 0.37 
NaMoO4.2H2O 0.24 
CoCl2.6H2O 0.025 
NiSO4 0.01 
Appendix G: Composition of nitrogen free plant nutrient solution. 
Chemical Amount/litre 
K2HPO4 0.5 g 
NaCl 0.1 g 
MgSO4.7H2O 0.2 g 
Yeast Extract 0.4 g 
Mannitol 10.0 g, PH =6.8 
Appendix H: Composition of vincent - 
rich media. 
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: Amplification cycle of each sample on transcriptome 
amplification. 
 
 
 
 
 
 
 
 
 
Sample Time points Replicate No. of cycle 
ENOD2 5dpi 1 20 
ENOD2 5dpi 2 17 
ENOD2 5dpi 3 21 
ENOD2 7dpi 1 20 
ENOD2 7dpi 2 21 
ENOD2 7dpi 3 20 
ENOD2 10dpi 1 20 
ENOD2 10dpi 2 18 
ENOD2 10dpi 3 20 
ENOD2 14dpi 1 20 
ENOD2 14dpi 2 15 
ENOD2 14dpi 3 20 
ENOD40 5dpi 1 20 
ENOD40 5dpi 2 17 
ENOD40 5dpi 3 20 
ENOD40 7dpi 1 20 
ENOD40 7dpi 2 17 
ENOD40 7dpi 3 20 
ENOD40 10dpi 1 20 
ENOD40 10dpi 2 18 
ENOD40 10dpi 3 20 
ENOD40 14dpi 1 20 
ENOD40 14dpi 2 15 
ENOD40 14dpi 3 20 
Appendix I: Amplification cycle of each sample on 
transcriptome amplification. 
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: Amplified Product Check for DNA contamination 
 
 
 
Appendix J: Amplified product check for DNA contamination. No 
amplification was seen in no RT control. 
 
: Primer removal check in sample 
 
Sample Sample 
Ct 
No primer removed sample 
(Ct) 
∆CT 
ENOD2 16.369 11.598 4.771 
ENOD40 15.069 10.998 4.071 
Appendix K: Primer removal check in sample. ∆Ct value between primer 
removed and not removed sample was between 3-7 which shows primer was 
removed from sample. 
 
 
 
 
 
 
 
1- ENOD2 sample before clean up 
2- ENOD2 sample after clean up 
3- ENOD2 no RT control before clean 
up 
4- ENOD2 no RT control after  clean 
up 
5- ENOD40 sample before clean up 
6- ENOD40 sample after clean up 
7- ENOD40 no RT control before 
clean up 
8- ENOD40 no RT control after clean 
up 
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: Adapter list on prepared library of each run. 
 
 
 
 
 
 
 
 
Sample 
Time 
points Replicate Adapter Run 
ENOD2 5dpi 1 AD002 1st 
ENOD2 7dpi 1 AD004 1st 
ENOD2 10dpi 1 AD005 1st 
ENOD2 14dpi 1 AD006 1st 
ENOD40 5dpi 1 AD007 1st 
ENOD40 7dpi 1 AD012 1st 
ENOD40 10dpi 1 AD013 1st 
ENOD40 14dpi 1 AD014 1st 
ENOD2 5dpi 2 AD002 2nd 
ENOD2 7dpi 2 AD004 2nd 
ENOD2 10dpi 2 AD005 2nd 
ENOD2 14dpi 2 AD006 2nd 
ENOD40 5dpi 2 AD007 2nd 
ENOD40 7dpi 2 AD012 2nd 
ENOD40 10dpi 2 AD013 2nd 
ENOD40 14dpi 2 AD014 2nd 
ENOD2 5dpi 3 AD015 3rd 
ENOD2 7dpi 3 AD016 3rd 
ENOD2 10dpi 3 AD018 3rd 
ENOD2 14dpi 3 AD019 3rd 
ENOD40 5dpi 3 AD007 3rd 
ENOD40 7dpi 3 AD012 3rd 
ENOD40 10dpi 3 AD013 3rd 
ENOD40 14dpi 3 AD014 3rd 
Appendix L: Adapter list on prepared library of each run 
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: Quality check of library using bioanalyser. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Appendix M: Quality check of library using bioanalyser. Figure A 
shows the gel image of sample before adapter ligation and figure B 
shows the gel image of library after adapter ligation. This shows the 
shift in the size of library after adapter ligation (red circle) which 
represents good quality library. 
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: List of marker genes with their expression pattern in two 
sample tissue. 
 
 
 
 
 
Gene ID Gene name Expected expression pattern (sample) 
GLYMA01G03470 ENOD40(ch01) ENOD40 > ENOD2 
GLYMA01G17330 CYP83b1 ENOD2 >ENOD40 
GLYMA02G04180 ENOD40 ENOD40> ENOD2 
GLYMA08G14023 ENOD2 ENOD2>ENOD40 
GLYMA09G31910 FWL1 Both 
GLYMA10G33050 ENOD2(ch10) ENOD2>ENOD40 
GLYMA10G34260 LBC_C3 ENOD40> ENOD2 
GLYMA10G34280 LBC_C1 ENOD40 > ENOD2 
GLYMA16G01020 NSP1 Both 
GLYMA20G33290 LBC_C2 ENOD40 > ENOD2 
GLYMA20G34581 ENOD2(ch20) ENOD2 >ENOD40 
Appendix N:  List of marker genes with their expected expression pattern in 
sample. 
